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EcoK is a type I restriction and modification enzyme. It recognises a defined DNA 
sequence and may methylate specific adenine residues within this target site, one on 
each strand of the DNA. EcoK is composed of three different subunits encoded by 
the hsdR, M and S genes of E.coli K-12. The S subunit dictates the recognition 
specificity and together with M forms the methylase. All three enzyme subunits are 
necessary to form the restriction complex although this is also capable of DNA 
modification; its activity is selected in response to the presence or absence of target site 
methylation. The methylase too is sensitive to the methylation state of the target site. 
Efficient modification requires the imprint of a methyl group in the complementary 
strand of the recognition sequence, whilst unmodified DNA, the normal substrate for 
restriction, is only methylated inefficiently. (Suri et al., 1984a). The experiments 
described aim to identify functional domains of the EcoK methylase, from either the 
comparative analyses of polypeptide sequences, or the phenotypes of mutations. 
Related type I enzymes can interchange their subunits; unrelated enzymes 
cannot, and no general similarities are detected when unrelated polypeptides are 
compared (see Bickle, 1987). Nevertheless, the subunits of unrelated enzymes are 
presumed to be functionally analogous and sequence motifs common to all type I 
enzymes, may identify polypeptide domains involved in common activities. 
Mutational analyses have been limited to mutant derivatives of the EcoK 
methylase specifically defective in only a particular aspect of their activity, and have 
focused on mutations that apparently alter the substrate specificity of EcoK. The 
phenotypes of the new mutations identified are consistent with enzymes that fail to 
differentiate between hemimethylated and unmethylated target sites. These mutations 
cluster in a region of the hsdM gene, and may identify a polypeptide domain 
responsible for recognition of target site methylation. 
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DNA restriction and modification enzymes are bacterial systems which 
distinguish the DNA of other bacterial strains from their own. They provide 
barriers to the transfer of genetic information. Restriction and modification are 
mediated by two distinguishable enzyme activities; an endonuclease and a 
methylase. DNA methylases catalyse the sequence specific modification of 
DNA, thereby protecting that DNA from cleavage by an endonuclease of the 
same specificity. Host-specificity itself, lies not only in the ability of the 
endonuclease to recognise and cleave foreign DNA which lacks appropriate 
sequence specific modification, but also in the ability of the methylase to tag 
host DNA by the imprint of methyl groups at specific DNA sequences. 
The phenomenon of host specificity was first observed in the 1950's by 
workers investigating the ability of bacteriophages to propagate on different 
bacterial strains (Luria and Human, 1952; Bertani and Weigle, 1953; Luria, 
1953). For example, phage lambda (A) which had previously been grown on 
E.coli C (A.C) showed a reduced efficiency of plating (e.o.p.) when assayed on 
E.coli K-12, whereas AX plated with the same efficiency on E.coli K-12 and 
E.coli C (Bertani and Weigle, 1953). Experiments showed that adaptations 
which allowed phage to grow on particular host strains could be acquired during 
a single round of growth on those strains, although the modification imparted 
to phage which survived the infection was non-heritable. These observations led 
to an early definition of host-controlled modification as a non-heritable 
phenotypic extension of the host range of phage, rather than a permanent 
genotypic alteration. 
Work by Lederberg (1957) indicating that the restricted growth of 
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unmodified phages in some bacterial strains was associated with the degradation 
of the phage DNA, formed the first suggestion of a mechanism for biological 
restriction. However, little was known about the molecular basis of either 
restriction or modification until Arber and colleagues in the early 1960's were 
able to predict the mechanism of host controlled modification. 
Arber and Dussoix (1962), followed the infection of E.coli K-12 by A 
which had previously been grown on E.coli K-12 which was lysogenic for P1 
(A.K-12(P1)). Most of the progeny phage had lost their ability to grow on E.coli 
K-12(P1), but some phages had apparently retained the appropriate host-specific 
adaptation. By labelling the DNA of A.K-12(P1) parental phage with deuterium, 
they demonstrated that those progeny phage particles which conserved at least 
one strand of parental DNA, retained their adaptation to grow normally on 
E.coli K-12(P1). However, all progeny phage which contained only newly 
synthesized DNA, received only the host-specific adaptation of the new bacterial 
host. It was concluded from these experiments that host-specific adaptation was 
carried on a phage DNA molecule. The data also seemed to irnplV that 
heteroduplex DNA might be as well protected from restriction as DNA which 
carried host-specific modifications on both strands. 
Dussoix and Arber (1962) performed marker-rescue experiments in E.coli 
K-12(P1) host cells co-infected with A.K and A.K(P1). The ability to rescue 
genetic markers from AX into A.K(P1) phages was competing in time with 
restriction of A.K by the P1 lysogenic host cells. The probability of marker 
rescue was much higher if the modified A.K(P1) phage infected first, when 
superinfecting unmodified A.K DNA was for a short time available for general 
exchange. These results suggested that the host-specific adaptations imparted 
to phages allowed their DNA to be recognised as either unmodified or modified 
after infection into a new host strain. By infecting E.coli K-12(P1) with 32P 
labelled AX DNA, it was also shown that restriction of this DNA was due to 
its nucleolytic degradation within the host cell. 
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Besides investigations of the host controlled restriction and modification 
of phage DNA, early evidence had suggested that bacterial DNA might be 
subject to similar control (Arber and Dussoix, 1962; Arber, 1962). Indeed it was 
soon shown that bacterial control over acceptance of foreign DNA also affected 
the transfer of chromosomal or plasmid DNA from a donor to a recipient 
bacterium of different host specificity (Arber and Morse, 1965; Glover et al., 
1963; Lederberg, 1965). Realisation that any known mechanism of DNA 
penetration into restrictive bacterial cells allowed degradation of unmodified 
DNA, led to a general view of the physiological role of bacterial restriction as 
a defence mechanism directed against foreign DNA. 
Arber (1965a) proposed that any given host specificity might be explained 
by a two enzyme system. A single highly sequence specific restriction enzyme 
might initiate DNA degradation by, for example, cleavage of unmodified DNA, 
whilst a modification enzyme of the same sequence specificity might alter DNA 
in such a manner that it was no longer subject to restriction by the 
endonuclease. Since no genetic or phenotypic changes could be observed in 
host controlled modification, it appeared that host specificity did not alter the 
context, the copying or the reading of the genetic message. Further to this it 
was shown (Arber, 1965b) that met - E.coli K-12 or E.coli B when starved of 
methionine, lost their capacity for host specific DNA modification of phage. 
This suggested that methionine was specifically required for the production of 
host specificity, and led to the hypothesis that host specific modification was 
conferred by the alkylation of specific sites on the phage DNA, with methionine 
acting as the methyl donor. 
The first evidence that an enzyme was involved in the restriction and 
modification process came in 1966, when Takano et al. demonstrated the specific 
inactivation of infectious A DNA using sonicates of restrictive bacteria. This was 
followed by validation of the endonuclease hypothesis by the identification and 
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isolation of restriction endonucleases responsible for the host specificities of the 
E.colj strains K-12 (EcoK) and B (EcoB) (Meselson and Yuan, 1968; Linn and 
Arber, 1968; Roulland-Dussoix and Boyer, 1969). Both enzymes required S-
adenosyl methionine (Ado-met), ATP, and Mg2 for restriction activity, when 
they introduced double-stranded (ds) scissions into unmodified DNA. Smith and 
Wilcox (1970), isolated a novel endonuclease from a strain of Haemophilus 
influezae. This endonuclease (Hind H) was smaller than EcoK or EcoB, and in 
contrast required only Mg 2 as a cofactor. 
It became clear at that time that there were two separate classes of 
bacterial host specificity systems (Boyer, 1971). The first class, designated type 
I, included the E.coli enzymes EcoK and EcoB which showed stringent 
requirements for ATP, Ado-met, and Mg 2 for endonuclease activity. These 
were distinct from the type II enzymes such as that isolated from H.influenzae. 
In more recent years, following the genetic and biochemical characterisation of 
many more restriction and modification systems, including enzymes from a 
second distinct class of ATP-requiring endonucleases (Kauc and Piekarowitz, 
1978; Reiser and Yuan, 1977), host specificity systems have been reorganised 
into three types or classes. 
Type II restriction and modification systems are the most simple, and the 
best understood. They consist of two enzymes, an endonuclease, and a 
methylase, which recognise the same DNA sequence - usually a palindromic 
target containing from four to eight specific nucleotides. The endonuclease is 
usually a homodimer; and catalyses a single enzymatic reaction, the ds scission 
of unmodified DNA at a specific site within (or close to) the target sequence. 
The methylase, usually a monomeric enzyme, catalyses the transfer of methyl 
groups from Ado-met to specific adenine or cytosine residues within the 
recognition sequence, one on each strand of the DNA (for reviews see Modrich 
and Roberts, 1982; Bickle, 1987; Wilson, 1988). 
In contrast to the type II enzymes, the ATP-dependent restriction and 
modification enzymes are complex and multifunctional. They form two distinct 
groups of enzymes on the basis of a number of criteria. The type III enzymes 
are numerically the smallest class of restriction and modification systems having 
only three members at present. Type III endonucleases are composed of two 
gene products and have an absolute requirement for ATP to cleave DNA, 
although ATP is not hydrolysed during the reaction. Endonuclease activity is 
stimulated by Ado-met, but in such instances the enzymes are also capable of 
DNA modification, so restriction and methylation are competing reactions. 
Although the endonucleases are bifunctional, oligomers of the smaller of their 
two subunits alone can form modification enzymes with no detectable restriction 
activity. Type III modification enzymes are unusual in that they require Mg 2 
for activity, and the nature of the DNA modification is also peculiar, in that only 
one strand of the asymmetric recognition sequence can be methylated. The 
corresponding restriction enzyme recognises the same specific DNA sequence 
and cleaves DNA between twenty-four and twenty-six base pairs (bp) 3' to an 
unmodified target site (for reviews see Yuan, 1981; Bickle, 1982; Bickle, 1987). 
The type I enzymes are the most complex restriction and modification 
systems. They contain three different subunits, and function as endonucleases, 
methylases and DNA-dependent ATPases. Besides Mg2 , restriction activity also 
has an absolute requirement for AT? and Ado-met, both of which act as 
allosteric effectors as well as cofactors in the reaction. The two smaller subunits 
of the restriction enzyme together form a modification enzyme that methylates 
two specific adenine residues on opposite strands of a hyphenated asymmetric 
target sequence. The restriction enzyme cleaves DNA at an unspecified site 
several kilobases (kb) away from an unmodified target sequence, and this 
reaction is accompanied by massive AT? hydrolysis (for reviews see Yuan, 1981; 
Bickle, 1982; Bickle, 1987). 
Throughout the host specificity systems, the primary role of the 
modification methylase is to protect the cel?.s own genomic DNA from 
restriction. Hemimethylated chromosomal DNA produced by semi-conservative 
replication of fully methylated DNA, will be protected from endonucleolytic 
attack as well as being a good substrate for modification of the daughter DNA 
strand. The ability of restriction enzymes to recognise and cleave foreign DNAs 
that lack sequence specific DNA modification has raised the question of what 
the physiological role of such systems might be. Although undoubt&ly one 
principal role must be defensive, in enabling cells to resist infection by phage 
(Levin, 1986), there is still some doubt as to whether restriction enzymes provide 
barriers to genetic exchange between cells of different host specificity. 
Alternatively, cleavage of foreign DNA, giving rise to a variety of smaller DNA 
fragments for recombination might actually help to promote genetic diversity 
(Endlich and Linn, 1985a; Price and Bickle, 1986; S. Lederberg cited in Radding, 
1973). 
1.2 TYPE I RESTRICTION AND MODIFICATION SYSTEMS 
A Genetic Determinants of Type I Restriction and Modification Systems 
Genetic analysis of type I restriction and modification enzymes has relied 
largely upon complementation tests between a variety of mutant derivatives of 
the host specificity systems of E.coli K-12 (EcoK) and E.coli B (EcoB). The 
phenotypes of these mutants are designated as restriction (r) or modification 
(m), proficient (+) or deficient (-), and the specificity of the phenotype can be 
indicated by a subscript eg. r1<m. 
Boyer (1964) first showed by Hfr mapping that the genetic loci 
responsible for the host specificities of E.coli K-12 and B were allelic, and that 
in each system, the restriction and modification gene (or genes). were linked. 
These results were confirmed by Glover and Colson (1969), and the host 
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specificity loci of these allelic systems were located close to serB using the more 
sensitive technique of P1 transduction. The loci map at 98.5 minutes on the 
E.colz chromosome (Bachmann and Low, 1980). 
The first restriction deficient (r) derivatives of E.coli K-12 and B were 
isolated by Wood (1966). Two phenotypic categories were equally probable; one 
retained their ability to modify DNA normally (rm), whereas the other had 
also lost their ability to modify (rm). Besides suggesting that E.coli K-12 and 
B each encoded a single system responsible for restriction of all unmodified 
DNA, these results also implied that concomitant loss of both restriction and 
modification functions could occur as the result of a single mutational event. 
These results were confirmed by complementation tests between wild-
type and mutant derivatives of the E.coli K-12 and E.coli B host specificity 
systems (Boyer and Roulland-Dussoix, 1969; Glover and Colson, 1969). These 
tests used F' plasmids encoding restriction and modification systems to construct 
merodiploids. An F' specifying a rm host specificity system would complement 
a chromosomal rm system causing the diploid to be phenotypically 
However independent mutations causing the same phenotype, whether rm, or 
rm, could not complement each other, and therefore defined two different 
restriction and modification genes (Boyer and Roulland-Dussoix, 1969). 
Inter-strain complementation tests between the mutant host specificity 
genes of E.coli K-12 and E.coli B strains indicated that the two host specificity 
systems, EcoK and EcoB, were closely related to the extent that their enzyme 
subunits were interchangeable. The B-specific restriction and modification 
(r8 m8 ) of an rKmK/rBmB  diploid demonstrated that the specificity determinant 
of EcoB but not that of EcoK was active, thereby defining a gene which 
determined the specificity of both restriction and modification. 
Since it was likely that mutations within a third hypothetical restriction 
and modification gene might give rise to a lethal rm phenotype, second step 
m mutants were selected following mutagenesis of a r 8 m8 strain. An rKmK/rB 
m8 (second step) diploid was phenotypically indicating that both the 
K and B specificity determinants were functional. The same rBmB (second 
step) mutant would complement a first step mutant of the same phenotype, 
thereby defining three restriction and modification genes (Boyer and Roulland-
Dussoix, 1969; Glover, 1970). 
The model proposed to account for these complementation data, 
suggested that the three genes would encode separate polypeptides. Either all 
three would form an oligomeric protein having both restriction and modification 
properties, or two oligomers would be formed; one a restriction enzyme 
composed of restriction and recognition polypeptides alone, and the second a 
modification enzyme composed of modification and recognition polypeptides 
alone. The known requirement of Ado-met for restriction activity appeared to 
be more compatible with the idea of a single enzyme (Boyer and Roulland-
Dussoix, 1969; Glover, 1970). 
Although able to define three genes involved in type I restriction and 
modification; one (hsdS) responsible for recognition specificity and a second 
(hsdR) responsible for restriction, the complementation data were unable to 
characterise single step mutations which inactivated the modification gene 
(hsdM). However through the analysis of temperature sensitive mutations, it was 
shown conclusively that the hsdM gene product was also required for both 
restriction and modification activities (Hubacek and Glover, 1970; Glover, 1970). 
Hubacek and Glover (1970), isolated temperature sensitive restriction 
deficient mutants of E.coli K-12 (rKts). They aimed to select secondary mK 
mutants at the non-permissive temperature in order to study the role of the 
modification gene in restriction and modification phenotypes, whilst avoiding the 
lethal consequences of a rm mutant. However, many of the r Kts mutants they 
isolated were also MK", and in selecting m, secondary mutants, the defect in 
restriction was always as great as the defect in modification. In other words no 
lethality (rm) was seen at the permissive temperature. Complementation 
analysis of both primary and secondary mutants, showed that they could almost 
invariably be complemented by an hsdR (rBmB)' to give diploids capable of 
both K and B specific restriction and modification. The mutants had therefore 
retained functional hsdR and hsdS genes; they carried mutations only within the 
third restriction and modification gene, hsdM. All three gene products were 
therefore required for a functional restriction enzyme and the restriction 
polypeptide alone was dispensable for modification function. 
In vitro complementation experiments using extracts from E.coli K-12, 
E.coli B and their mutant derivatives generated similar results to the genetic 
tests (Kuehnlein et al., 1969; Hadi and Yuan, 1974). A mutation within hsdS 
resulted in loss of in vitro enzyme activity, whereas a cell extract from an hsdR 
mutant strain showed full sequence specific modification. However these 
extracts from mutant cells would complement each other in vitro to give 
functional restriction and modification activities. 
Following the demonstration that the three gene products responsible for 
host specificity were required for restriction activity, Sain and Murray (1980) 
used a combination of in vitro and in vivo techniques to clone the three hsd 
genes of E.coli K-12 in a lambda vector. A clones carrying the genes responsible 
for K-specific modification (A/zsdMS) were recognised since only they could 
protect their DNA from K-specific restriction after growth on a non-modifying 
host. A A recombinant was recovered which encoded the entire K host 
specificity region (AhsdRMS). Lysogens of this phage in E.coli C (which carries 
no host specificity system) were phenotypically rmK. 
Using Ahsd phages and deletion derivatives of them, genetic 
complementation tests showed that the gene order in the K host specificity 
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region was hsdR; hsdM, hsdS, and identied two promoter regions. AhsdMS 
phage included a promoter for the M and S genes which was removed by all 
deletions which inactivated /zsdM. A second promoter upstream of hsdR was 
also identified which directed transcription through R towards M and S. 
The nucleotide sequence of the hsd region of E.coli K-12 (Loenen et al., 
1987) has confirmed the organisation of the three hsd genes into two 
transcriptional units; the first including hsdR transcribed from its upstream 
promoter p, and the second including hsdM and S transcribed from p. This 
organisation of the three hsd genes suggests a possible mechanism for 
differential control of production of restriction and modification activities. It is 
appealing to think that the organisation might allow transcription from p d to 
provide methylase and consequent modification of DNA before activation of Pres  
and production of the R polypeptide which is essential for restriction; perhaps 
the methylase itself might control production of the hsdR gene product. 
However, experimental results have so far been unable to indicate whether or 
not this is the case (Loenen et al., 1987). 
B The Enzymes 
Following the elegant genetic experiments which characterised three 
genes, all of which were necessary for restriction activity, analysis of restriction 
endonucleases purified from E.coli K-12 (EcoK), and E.coli B (EcoB), showed 
that they were indeed composed of three different polypeptides (Meselson et al., 
1972; Eskin and Linn, 1972a). The native EcoK enzyme was shown to have a 
molecular weight of 400,000. Denaturation of the enzyme by treatment with 
SDS followed by gel electrophoresis caused its dissociation into three subunits 
of molecular weights (a) 135,000, () 62,000, (y) 55,000 (Meselson et al., 1972). 
The estimated molar ratios of these subunits was a2:/32:yl. 
As might be expected, EcoB was shown to have a similar structure to 
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EcoK, with three subunits of molecular weights (a) 135,000, (J3) 60,000, (y) 
55,000, but two enzyme species were detected, having subunit molar ratios of 
al:13l:yl and a1:132:y1 (Eskin and Linn, 1972a). These differences in the 
reported structures of EcoK and EcoB, are however unlikely to represent a real 
difference between the two systems, since the subunits of these enzymes are 
known to be interchangeable in genetic complementation tests (Boyer and 
Roulland-Dussoix, 1969). A more reasonable explanation is that the differences 
in enzyme structures might reflect differences in the growth conditions of the 
bacteria used for the enzyme preparations, or perhaps differences in the 
purification procedures (Bickle, 1982). 
With reference to the genetic experiments which had shown that only two 
of the three host specificity genes were required for DNA methylation (Hubacek 
and Glover, 1970), it was of interest to compare the subunit compositions of 
enzymes which showed in vitro restriction and modification activity. Despite the 
fact that the EcoK and B endonucleases were also capable of modification, 
further enzyme species purified from E.coli B (Lautenberger and Linn, 1972). 
and more recently also from an E.coli K-12 (AhsdMS) lysogen (Bickle, 1982; Sun 
et al., 1984a) were shown to lack restriction activity but function normally in 
DNA methylation. These methylation enzymes lacked the largest of the three 
enzyme subunits; fresh preparations contained equimolar amounts of the P and 
y subunits, thereby showing that the large a subunit was the product of the hsdR 
gene and was indeed dispensable for modification function. 
Analysis of polypeptides encoded by Alzsd phages (Sain and Murray, 
1980), identified a polypeptide of molecular weight 62-65,000 as the hsdM gene 
product, and a polypeptide of molecular weight 50,000 as the hsdS gene product. 
These results are in close agreement with the predicted sizes of polypeptides 
encoded by the host specificity genes of E.coli K-12, as .deduced from the 
nucleotide sequence of this region (Gough and Murray, 1983; Loenen et al., 
1987). 
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In vitro analysis of enzymes purified from genetically characterised host 
specificity mutants of E.coli K-12, allowed researchers to reveal biochemical 
activities associated with different enzyme subunits. An enzyme purified from 
an hsdS strain, lacked both restriction and modification activities, whereas a 
mutation in hsdR gave rise to an enzyme that methylated normally, but could 
not bind DNA to filters, hydrolyse ATP, or indeed restrict (Hadi and Yuan, 
1974). An enzyme purified from an hsdM strain had lost its ability to bind to 
DNA, and showed no detectable DNA restriction or modification. However 
unlike the enzyme with a mutant S polypeptide which apparently retained its 
ability to bind to Ado-met, a mutation within hsdM appeared to abolish this 
activity (Buehler and Yuan, 1978). 
C The Nature of Type I Restriction and Modification Enzymes 
Studies of the genetic and biochemical characteristics of type I enzymes 
have revealed their complexity, and generated interest into the use of these 
systems as models to investigate a variety of molecular interactions. Type I 
enzymes recognise specific DNA sequences and may, in the presence of Ado-
met protect DNA against restriction by methylating specific residues within the 
recognition sequence. Restriction of unmodified DNA however is a more 
complex process, involving interactions with two further cofactors, Mg 2 and 
ATP, and probably secondary non-specific interaction with DNA. Ultimately, 
cleavage occurs at an unspecified site, some distance from the recognition 
sequence. A particular interest in the type I enzymes is in relation to their 
interaction with DNA. Not only is sequence specificity required, but this 
interaction must also allow an enzyme to monitor the methylation state of its 
target site. In response to the presence or absence of target site methylation, the 
enzyme will be triggered to either restrict, modify, or dissociate from the DNA. 
Its ability to respond in the correct manner is undoubtably essential to the 
biological process of restriction and modification. 
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Although type I enzymes will methylate the specific sequence that they 
recognise, cleavage occurs at an unspecified site some distance away. For this 
reason, the target sequences of the type I enzymes cannot be determined by 
analysis of the cleavage terminii after restriction. One common alternative 
approach has been to methylate susceptible DNA in vitro with labelled methyl 
groups (H3-methyl), and localise labelled target sites within small DNA 
restriction fragments (Lautenberger et al., 1978; Nagaraja et al., 1985a). 
Alternatively genetic approaches have provided a similar means of mapping 
recognition sites to small DNA restriction fragments (Ravetch et al., 1978; 
Sommer and Schaller, 1979; Kan et al., 1979; Gann et al., 1987; Kannan et al., 
1989). A recognition sequence may be effectively defined by nucleotide 
sequence comparisons between DNA fragments including targets, and derived 
DNA fragments including mutant targets. Analysis of this sort has involved 
computer aided searches for common sequence motifs in different DNA 
sequences. 
The recognition sequences of all known type I enzymes have been 
determined. These will be described more fully in section 1.2E. All the type I 
enzymes recognise sequencek of a similar, but unusual, structure. The sequence 
recognised by EcoK is typical of a type I enzyme target site. 
EcoK recognises 5' AAC(N)6GTGC 
The recognition sequences are asymmetric and bipartite, consisting of two short 
defined sequence components which are separated by a non specific spacer of 
fixed length. Site specific modification of the recognition sequence, is dependent 
upon a single cofactor, Ado-met (Kuehnlein et al., 1969). This activity involves 
methylation of two specific adenine residues within the target to form N 6-
methyladenine (Kuehnlein and Arber, 1972; Smith et al., 1972). The 
demonstration that these two methylated adenines were located in opposite 
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strands of the DNA (Vovis and Zinder, .1975), was important in understanding 
the nature of the restriction and modification process. It had been shown 
(Meselson and Yuan, 1968; Arber and Dussoix, 1962) that although 
hemimethylated DNA was resistant to restriction it was an excellent substrate 
for in vitro modification. Hemimethylated DNA was in fact modified 100-fold 
more efficiently than unmethylated DNA by the EcoB methylase, whereas 
restriction of unmodified DNA occurred as rapidly as modification of 
hemimethylated DNA (Vovis et al., 1974). In other words, the enzymatic activity 
exhibited by type I enzymes was specifically dependent upon the methylation 
state of the target sequence. 
A comparison between the recognition sequences of all type I enzymes, 
shows that the positions of the adenine residues which may be methylated, are 
conserved. They are located on opposite strands of the DNA, one within each 
defined component of the target sequence. The fact that these residues are 
always ten or eleven bp apart, has suggested that the enzymes might bind to the 
DNA along one face of the double helix making protein:DNA interactions in 
two successive major grooves. In this model, most of. the non-specific spacer 
sequence would be in the intervening minor groove (Nagaraja et al., 1985b). 
DNA restriction by type I enzymes was originally shown to break 
unmodified DNA into large fragments (Meselson and Yuan, 1968). 
Susceptibility to restriction depended upon the presence of specific targets in a 
phage genome, loss of which caused reduced sensitivity to restriction (Franklin 
and Dove, 1969). Analysis of phage carrying mutant targets, showed that such 
mutations conferred resistance to restriction in cis but not in trans. This analysis 
also allowed two of the five EcoK recognition sites in k to be mapped (Murray 
et al., 1973a). Any assumptions that restriction might occur at the recognition 
sequence were however dispelled following the demonstration that DNA 
cleavage did not produce discrete fragments. The number of potential cleavage 
sites when EcoB digested fl replicative form (RF) DNA in vitro, far exceeded 
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the number of recognition sites for the enzyme (Horiuchi and Zinder, 1972). 
Further in vivo investigations of the mechanism of restriction have shown that 
type I enzymes do not cleave DNA at, or even preferentially near to a 
recognition sequence (Hartman and Zinder, 1974; Brammar et al., 1974). There 
have been demonstrations of apparent preferential cleavage between two 
restriction sites (Brammar et a!, 1974; Murray et al., 1973b). It seems highly 
possible that although apparently not sequence specific, cleavage might be 
influenced by the relative positions of restriction sites or other more complex 
features of the DNA substrate. This will be discussed in greater detail in 
section 1.2D with reference to models for how type I enzymes might select their 
cleavage sites. 
One feature of type I enzymes which is particularly appealing with respect 
to analysis of their molecular interactions and their evolutionary origins, is that 
they can be grouped into enzyme families. Relatedness within a family was 
originally shown by genetic complementation tests which required the 
interchange of subunits between different type I systems (Boyer and Roulland-
Dussoix, 1969; Glover, 1970; Van Pel and Colson, 1974; BuIlas and Colson, 
1975a). More recently this has been reinforced by molecular evidence showing 
DNA cross-hybridisation in Southern blots between the hsd genes of related type 
I systems (Sain and Murray, 1980; Murray et al., 1982; Daniel et al., 1988). 
Immunological cross-reactivity within, but not between families of enzymes has 
been demonstrated, showing that the polypeptides of related enzymes do 
conserve structural similarities (Murray et al., 1982). These lines of evidence, 
besides showing relatedness between different type I systems, have also indicated 
that whereas the hsdR and M genes are relatively well conserved within a family, 
the hsdS genes are not (Murray et al., 1982; Gough and Murray, 1983). Since 
the hsdS gene products are responsible for recognising different DNA sequences, 
this observation is of particular interest in the study of protein:DNA interaction. 
The three known families of type I enzymes are named after their 
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founder membel5as the K, A and R124 families. The K-family includes EcoK, 
EcoB and EcoD from E.coli K-12, B and E166 respectively, and also the 
Salmonella systems StySP and SIySB from S.potsdam and S.iyphimurium. The 
second family of chromosomally encoded type I enzymes, the A-family includes 
EcoA and EcoE from E.coli 15T and A58 respectively, and CfrA from 
Citrobacter freundii. The genes encoding EcoK and EcoE have an identical 
chromosomal location. This has been demonstrated firstly by the fact that their 
genes behave as alleles in genetic crosses (Fuller-Pace et al., 1985) and secondly 
from the nucleotide sequences of regions downstream of hsdS in the E.coli K-
12 and 15T host specificity systems (Kannan et al., 1989). In contrast to the 
K and A-family enzymes, EcoR124 and its relatives are plasmid encoded. This 
family includes EcoR124, EcoR124I3 and EcoDXX1. 
Although enzymes from different families show no similarity as detected 
by complementation analyses, DNA cross-hybridisation, or immunological cross-
reactivity, they are in terms of their organisation and functions very alike (Fuller-
pace et al., 1985; Suri et al., 1984a; Suri and Bickle, 1985; Price et al., 1987a). 
DNA sequence comparisons both within and between families of enzymes are 
interesting, not only with respect to gaining an understanding of the evolutionary 
relationships between different type I systems, but also in defining conserved 
features which might be helpful in allocating possible functions to different 
polypeptide domains. Further details of sequence comparisons and their 
implications are given in section 1.2E 
Comparisons between the predicted amino acid sequences of EcoK and 
the sequences of other proteins which interact with the same substrates or 
cofactors, have provided useful information (Loenen et al., 1987). A region 
within the R polypeptide shares homology with a variety of ATP binding 
proteins; if this represents part of an ATP binding site, the finding would be 
consistent with the known requirement of R in complex with M and S for all 
ATP stimulated activities. A second region identified within the M polypeptide 
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shows extensive homology to a type II modification enzyme, M.EcoRI. This 
region has also been shown to be conserved throughout the adenine-methylases, 
and it is thought that the characteristic sequence Asp/Asn, Pro, Pro, Tyr/Phe, 
might form part of an active site for the specific methylation of adenine. This 
will be reviewed in greater detail in section 1.3C, where further sequence 
comparisons will be described both between enzymes which methylate adenine 
and those which methylate cytosine. 
D The Reaction Mechanism 
Type I restriction enzymes are complex and multifunctional. Not only can 
they act as DNA methylases and restriction endonucleases, but they are also 
powerful DNA-dependent ATPases. Their activity is selected in response to the 
methylation state of the target site to which they are bound. In other words, 
the specific interaction of an enzyme with its recognition sequence directs it 
towards one of three possible modes of action: restriction and ATP hydrolysis, 
methylation, or release of the protein from the DNA. 
Studies of the mechanism of restriction and modification by type I 
enzymes have used as model systems the endonucleases EcoK and EcoB. These 
two endonucleases are closely related to each other, and therefore it can be 
assumed that features of the reaction mechanism demonstrated for EcoK will 
also hold true for EcoB and vice versa. Indeed, all the K-family endonucleases 
are apparently very similar in their action (for review see Bickle, 1982). 
EcoK and EcoB both have two active forms; a restriction complex 
composed of all three enzyme subunits, R, M and S, which is also capable of 
methylation, and a separate modification enzyme composed of the NY  subunits 
alone (Lautenberger and Linn, 1972; Bickle, 1982; Suri et al., 1984a). In order 
to fulfil all its activities, the restriction complex requires as cofactors Ado-met, 
Al? and Mg2 (Meselson and Yuan, 1968) although modification by this 
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complex only shows a strict requirement for Ado-met (Haberman et al., 1972). 
Of the three cofactors, both Ado-met and ATP also act as allosteric effectors, 
apparently inducing conformational changes of the enzyme (Hadi et al., 1975; 
Bickle et al., 1978). The smaller modification enzyme requires only Ado-met as 
a cofactor (Lautenberger and Linn, 1972). 
The restriction complex will not interact with DNA in the absence of 
Ado-met (Yuan et al., 1975). Ado-met binding allows enzyme activation; the 
activated enzyme (EcoKk in figure 1.1) then interacts with DNA, primarily in 
a non sequence-specific manner to form an initial protein:DNA complex 
(ECOK*:DNA in figure 1.1). If the DNA carries a target site, a more stable 
protein:DNA complex known as a recognition complex is formed (Yuan et al., 
1975). 
Methylation 
Both the restriction endonuclease and the modification enzyme are 
capable of DNA methylation (Haberman et al., 1972; Lautenberger and Linn, 
1972), but when the substrate DNA is completely unmodified, the latter enzyme 
is more effective (Suri et al., 1984a). In this situation, methylation activity of the 
restriction complex is inhibited by ATP, although ATP has no similar effect 
upon the modification enzyme (Suri et al., 1984a). It has been suggested that 
this apparent inhibition by ATP might be caused because ATP binding induces 
a conformational change, which results in release of enzyme bound Ado-met 
(Bickle et al., 1978). 
Both the restriction complex and the modification enzyme have a greatly 
increased methylation efficiency if their substrate DNA is hemimethylated (Sun 
et al., 1984a). The restriction enzyme is stimulated in this reaction by ATP and 
Mg2 (Vovis et al., 1974; Burckhardt et al., 1981a); a 1.6-fold stimulation is seen 
in the presence of Mg2 ', and a further 2-fold stimulation occurs in the presence 
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The reaction mechanism of the restriction endonuclease EcoK. Steps 1-3 are 
identical irrespective of target site methylation. Steps 4 onwards vary depending 
upon whether the target is fully methylated (m:m), hemimethylated (o:m) or 
unmethylated (o:o) (from Burckhardt et al., 1981b). 
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of ATP (Sun et al., 1984a). 	The modification enzyme methylates 
hemimethylated DNA slightly more efficiently than does the restriction complex 
(Sun et al., 1984a). Comparisons between the rates of methylation of 
unmethylated DNA versus hemimethylated DNA show that the restriction 
complex methylates the latter 150 times faster than the former, while the 
corresponding figure for the modification enzyme is 35 times (Sun et al., 1984a). 
Evidence suggests that type I enzymes act catalytically in DNA modification 
(Burckhardt et al., 1981a). 
Restriction 
In the absence of All', activated enzyme will bind to a recognition 
sequence irrespective of the methylation state of the site. Modified DNA will 
be neither cleaved nor futher methylated (EcoK* :mmDNA in figure 1.1), 
whereas hemimethylated DNA although not a substrate for restriction will be 
modified efficiently (EcoK*:moDNA  in figure 1.1). However in the absence of 
ATP, there is no active release of enzyme from modified target sites (although 
the relative stabilities of different recognition complexes do vary (Bickle et al., 
1978)), and the enzyme has no capacity to continue the reaction to restrict 
unmodified DNA. 
In the presence of ATP, the activated enzyme in the recognition complex 
undergoes a conformational change which allows it to discriminate between 
different DNA substrates (Bickle et al., 1978). Enzyme specifically bound to a 
modified target will be released from the DNA, that bound to hemimethylated 
DNA will be stimulated in modification of the unmethylated strand and then 
released, whereas enzyme bound specifically to unmodified DNA (EcoK*:o 
oDNA in figure 1.1) will form a complex recognised as a filter binding complex 
(EcoK:DNA in figure 1.1). This complex characteristically can be retained on 
nitrocellulose filters (Yuan and Meselson, 1970), and in this way distinguished 
from initial and recognition complexes. The restriction process that follows is 
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complex; DNA is translocated past the enzyme which remains bound to its 
recognition sequence, in a reaction that is coupled to AT? hydrolysis (Yuan et 
al., 1980). Eventual DNA cleavage occurs at an unspecified site several kb away 
from the recognition sequence (Rosamond et al., 1979).  The enzyme does not 
turnover in the restriction reaction (Eskin and Linn, 1972b). 
The observation that the recognition site itself appears to act as an 
allosteric effector directing enzyme towards a particular mode of action has led 
to a more detailed consideration of how this effect might be achieved. A model 
proposed to explain the way in which the enzyme discriminates between the 
three methylation states of the recognition sequence, predicts that the enzyme 
conformation will vary slightly in complex with targets of different methylation 
states (Burckhardt et al., 1981b). The S subunit would make specific contacts 
with the recognition sequence irrespective of its methylation state, and the M 
subunits (assuming the enzyme structure to be a2:f32:yl) would use the methyl 
groups of bound Ado-met to probe for the presence of a methylated adenine 
in the major groove of the DNA. In the case of modified DNA, the two 
methylated adenines would sterically hinder the M subunits from entering the 
major grooves. Enzyme bound in this "open" configuration would dissociate 
from its target following interaction with ATP. Interaction with hemimethylated 
DNA would allow one M subunit to enter the major groove at the site of the 
unmodified adenine. Enzyme bound in this "partially-open" configuration would 
be stimulated to methylate the unmodified adenine upon addition of ATP, 
before dissociating from the target sequence. Only when an enzyme was bound 
to a completely unmethylated target would both M subunits be able to enter 
successive major grooves. Enzyme bound in this "closed" configuration although 
apparently inhibited in its ability to methylate DNA (Haberman et al., 1972; 
Vovis et al., 1974) would in the presence of AT? be able to form a complex 
capable of restriction. Aspects of this hypothetical model were proposed to 
account for experimental evidence described in the following paragraphs. 
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When enzyme bound to an unmodified target interacts with ATP, the 
conformational change which occurs is visible under the electron microscope 
(Bickle et al., 1978). This transformation of a recognition complex to a filter 
binding complex does nOt require Al? hydrolysis; it can be induced by non-
hydrolysable Al? analogues (Bickle et al., 1978). The enzyme apparently 
releases bound Ado-met, and may either lose one or more enzyme subunits, or 
undergo subunit rearrangement. It is possible that the M subunit might be 
released at this stage, and if this were the case, it might account for the lack of 
turnover of the enzyme in the restriction reaction. 
Investigations of the mechanism of DNA cleavage have involved electron 
microscopic examinations of the reaction intermediates and products (Rosamond 
et al., 1979; Yuan et al., 1980; Endlich and Linn, 1985a). A number of possible 
mechanisms have been proposed to account for the ability of the enzymes to 
cleave DNA at a large distance away from their targets: 
Enzyme may dissociate from the recognition site and interact with a random 
site either on the same or on a different DNA molecule. However since 
incubation with a mixture of modified and unmodified DNA does not allow 
cleavage of modified DNA in trans (Meselson and Yuan, 1968), this mechanism 
would seem highly unlikely. 
Enzyme may move away from its target site along the DNA molecule until 
it reaches a cleavage site. This too would seem improbable, since enzyme 
apparently remains bound to its recognition site even following cleavage (Bickle 
et al., 1978). 
Enzyme bound to its recognition site might make a secondary non-specific 
interaction with the same DNA molecule at a distant site, or might wind DNA 
past itself until it contacts a cleavage site. 
All of these models require that at some stage during the reaction the 
enzyme will be triggered to cut DNA; not only do type I enzymes need to 
contact DNA distant to their target sites, but also they probably require some 
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signal on the basis of which a cleavage site is selected. Indeed, recent 
examinations of the intermediates and products of EcoK cleavage of the T7 
genome (Studier and Bandyopadhyay, 1988) have suggested such a mechanism 
for the selection of cleavage sites. 
Yuan et at., (1980) suggested that following activation to EcoK4, a second, 
non-specific DNA binding site on the enzyme would become available. Electron 
microscopic examinations of the protein:DNA complexes formed during both 
EcoK and EcoW digestion of susceptible DNA, have shown looped 
intermediates (Yuan et al., 1980; Rosamond et at., 1979; Endlich and Linn, 
1985a). These results indicate that the enzyme is bound simultaneously to two 
sites on the DNA, both relaxed and supercoiled looped intermediates have been 
observed. Yuan et al., (1890), suggested that DNA looping was required to 
bring a cleavage site into contact with enzyme bound at the recognition site. A 
model for EcoK (Yuan et al., 1980) suggests that DNA on either side of the 
recognition sequence might randomly collide with and therefore contact, the 
non-specific DNA binding site of EcoK. A relaxed DNA loop formed in this 
way could have one of four possible configurations (see figure 1.2) and its size 
would be limited only by the ability of the DNA to bend back on itself. The 
enzyme in this complex could then translocate DNA past its non-specific binding 
site, generating supercoiled loops. The appearance of loops is associated with 
DNA cleavage and dependent upon ATP hydrolysis, thereby explaining the 
requirement of ATP for type I restriction. However, whilst the apparently 
bidirectional DNA translocation shown by EcoK (Yuan et al., 1980) is well 
explained by this model it is difficult to account for the unidirectional DNA 
translocation displayed by EcoW (Rosamond et al., 1979; Endlich and Linn, 
1985a). The conclusions drawn by Studier and Bandyopadhyay (1989), support 
the model of bidirectional DNA translocation by EcoK, and suggest that 
differences observed between EcoK and EcoW in earlier experiments actually 
reflect different reaction conditions rather than providing contrasting information 
















The four possible conformations of regular loops formed by EcoK, and the 
result of subsequent DNA translocation. A and B refer to the different ends 
of the ds DNA substrate, the arrows depict the direction in which translocation 
will occur (from Yuan et al., 1980). 
translocate DNA bidirectionally (Yuan et al., 1980; Studier and Bandyopadhyay, 
1988) and it is difficult to believe that EcoW could act in a very different way. 
However, if these differing results do reflect a true difference in the reaction 
mechanisms of EcoK and EcoB, by examining "chimeric" enzymes having 
different subunits from each of these systems, it should be possible to determine 
which of the three enzyme subunits dictates the orientation of DNA 
translocation and cleavage. 
The mechanism of DNA translocation is unknown, but there are a 
number of possible ways in which this could be achieved. The favoured 
mechanism is one which allows the enzyme to continuously monitor the same 
side of the DNA helix until a sequence or structural feature which characterises 
a cleavage site is encountered. This would be possible if the enzyme were able 
to track along the major or minor groove of the DNA, allowing the DNA to 
rotate as it passed and thereby introducing twists into the relaxed loop. 
Alternatively the translocating DNA might not rotate, in which case the enzyme 
bound to its target site could be rotated by DNA passaged, or negative 
superhelical turns could be introduced into the structure by wrapping the DNA 
around the enzyme in a full turn. It has been suggested that the resulting 
supercoiled loops might provide physical constraints responsible for limiting the 
region of cleavage to between one and five kb from the recognition site (Endlich 
and Linn, 1985a). 
DNA cleavage itself is a two step process. Early experiments which 
examined EcoB cleavage of supercoiled A DNA, showed that single strand 
scission converting supercoiled DNA to open circles preceded duplex cleavage 
producing linear DNA molecules (Meselson and Yuan, 1968). In the presence 
of excess DNA, only single stranded breaks were found, which suggested that 
perhaps double stranded cleavage required two enzyme molecules (Lautenberger 
and Linn, 1972). By remaining bound to DNA following single strand cleavage, 
it has been suggested that the enzyme maintains the recognition and cleavage 
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sites in an appropriate structure which can be recognised by a second enzyme 
molecule which cleaves the second strand (Rosamond et al., 1979). 
Al? hydrolysis in the restriction reaction commences prior to DNA 
cleavage and probably drives DNA translocation (Bickle et al., 1978). In fact 
in vitro ATP hydrolysis by EcoK has been shown to continue long after 
endonucleolytic cleavage (Yuan et al., 1972). This continued Al? hydrolysis can 
be immediately arrested by cleavage of DNA within the looped structure which 
remains after restriction (Endlich and Linn, 1985a). Based on this fact a 
possible explanation of this post-nucleolytic ATP hydrolysis has been proposed 
(Endlich and Linn, 1985a). ATP-dependent DNA translocation possibly allows 
an enzyme to scan its substrate for modified recognition sites before cleavage. 
Such a mechanism would allow the enzyme to double check that the DNA was 
indeed unmodified. Post-nucleolytic ATP hydrolysis could be explained if, after 
restriction, the enzyme has lost the ability to restrict DNA, but not to scan it. 
Although this in vitro activity would appear wasteful, it might be rapidly 
terminated in vivo, by degradation of the restricted DNA by cellular nucleases 
which cleave within the terminal loops (Simon and Lederberg, 1973). 
DNA cleavage by type I enzymes does not occur at a unique site (Adler 
and Nathans, 1973). Experiments designed to determine the nucleotide 
specificity of the 5' cleavage have indeed failed to demonstrate any sequence 
specificity (Eskin and Linn, 19.72b; Murray et al., 1973b). How type I enzymes 
select their primary cleavage sites has for some time been a puzzling question, 
however, recent experiments (Studier and Bandyopadhyay, 1988) seem to have 
provided a satisfactory answer. These researchers studied digestion of phage T7 
DNA with purified EcoK. Phage T7 DNA has four EcoK recognition sites; 
synchronised digestion of this DNA produces an orderly progression of discrete 
fragments. Remarkably, the positions of the cleavage sites cluster at the 
midpoints between adjacent recognition sites (Studier and Bandyopadhyay, 198). 
These observations were explained on the basis of two simple assumptions: 
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In the presence of ATP, EcoK specifically bound at its recognition sequence 
translocates DNA towards itself from both directions simultaneously. This 
simultaneous bidirectional DNA translocation could be either concerted, or 
alternating between translocation of DNA from each side of the recognition 
sequence. 
When this translocation causes neighbouring enzymes to meet, they cut the 
DNA between them. 
If the rates of DNA translocation were similar throughout the DNA, and 
digestion were synchronised by the addition of ATP to stable recognition 
complexes, then enzymes should indeed meet at the midpoints between adjacent 
recognition sites after time intervals which reflected the different lengths of 
DNA between sites. This model could be reconciled with previous work on 
EcoK and EcoB, if the outcome of any particular reaction were seen to depend 
upon the molar ratio of enzyme to DNA, the number of recognition sites per 
DNA molecule, and whether the DNA were circular or linear (Studier and 
Bandyopadhyay, 1988). 
Linear DNA digested at a ratio of one enzyme molecule per recognition 
site would only be cut if it carried more than one recognition site, when primary 
cleavage events would occur between adjacent sites. Linear DNA molecules 
having only one recognition site would only be cut at considerably higher enzyme 
to DNA ratios. Indeed (Murray et al., 1973b) it has been shown that a linear 
substrate with a single recognition site is only degraded in the presence of excess 
enzyme; presumably excess enzyme can cooperate with that bound at the 
recognition site to make the secondary cut. 
Circular DNA molecules having more than one recognition site would be 
expected to be cleaved in a similar manner to linear DNA. Consequently, after 
the first double strand cut, the DNA would be equivalent to any other linear 
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substrate. Circular molecules with only a single recognition site, would however 
behave differently to their linear counterparts, since at a low enzyme:DNA ratio, 
DNA translocation would be limited either by a topological constraint, or by the 
size of the molecule, and at this point translocation would stall. In such a case 
single stranded DNA cleavage appears to occur (Rosamond et al., 1979), and 
at higher enzyme concentrations a second enzyme molecule presumably 
cooperates with the stalled enzyme to cleave the second strand. It has been 
suggested that continued ATP hydrolysis stimulated by circular DNA following 
primary cleavage might be associated with stalled translocating enzymes, whereas 
similar activity detected with linear substrates might be associated with secondary 
cleavages (Studier and Bandyopadhyay, 1989). 
Preferential DNA cleavage between two restriction sites was also the 
model proposed to account for the observed effects of EcoK digestion upon 
expression of tip genes carried by phage A (Atip) (Brammar et al., 1974). In a 
recBC mutant EcoK restricting host, where degradation of the primary products 
of restriction would be greatly reduced, a single unmodified EcoK recognition 
site had little effect upon tip gene expression even when it was located within 
the tip operon. The presence of two recognition sites within a Atip phage 
however could have a large effect upon trp gene expression, depending upon the 
location of these sites. When one site lay just downstream of the promoter, and 
the second lay a large distance upstream, EcoK restriction had little effect upon 
tip expression, but the observed effect was marked if the sites were located such 
that cleavage midway between them would separate the trp genes from their 
promoter (Brammar et al., 1974). These experiments provided convincing in 
vivo support for the idea that primary cleavage sites occurred between 
recognition sites. 
E Sequence Specific DNA Recognition 
The DNA sequences recognised by all known type I enzymes have a 
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similar characteristic structure. They are asymmetric and bipartite, consisting of 
two defined sequence components which are separated by a non-specific spacer 
region of fixed length. Spacers of 6, 7 or 8 bp have been observed. The 
recognition sequences of the type I enzymes are listed in figure 1.3, where the 
target adenine residues have been indicated by asterisks. The only feature 
which appears to be generally conserved throughout these recognition sequences 
is the positions of the methylated adenines. These are invariably situated 10 or 
11 bp apart in the target sequence, such that they could be contacted in two 
successive major grooves of B-form DNA, on the same face of the double helix 
(Nagaraja et al., 1985b). 
The sequences recognised by EcoR 124 and EcoR124/3 are identical in 
their defined components, and the difference in specificity of these two systems 
is therefore entirely due to the difference in length of the non-specific spacers 
in the target sites (Price et al., 1987). Many of the recognition sequences of the 
type I enzymes are degenerate, and in these cases an enzyme can recognise 
more than one specific sequence. SIySP will accommodate either purine residue 
at one position in the tetrameric component of its target sequence. This has the 
interesting consequence that DNA modified by the SP system will be resistant 
to EcoK digestion because one of the possible sequences recognised by SIYSP 
is the EcoK target site (Bullas et al., 1980). 
The polypeptide product of the usd5 gene has been implicated in 
sequence specific DNA recognition (Boyer and Roulland-Dussoix, 1969; Glover, 
1970). The structural and functional relatedness of enzymes within the K-family 
which only appear to differ in their DNA recognition specificities, has held 
interesting possibilities for the study. of protein:DNA interaction (Murray et al., 
1982). It was expected that /zsdS gene sequence comparisons would show 
divergence between the S genes of different K-family enzymes, which would 
reflect their different recognition specificities. 
Figure 1.3 Recognition Sequences of Type I Restriction Endonucleases 
EcoK 5' AkNNNNNNGTGC Kan et al., 1979 
TTGNNNNNNCACG * 
EcoB 5' TGNNNNNNNNTGCA Ravetch etal., 1978 
ACTNNNNNNNNACGT Lautenberger et al., 1978 
EcoD 5' TTNNNNNNNGTCY Nagaraja et al., 1985a 
•AATNNNNNNNCAGR * 
StySP 5' AACNNNNNNGTRC Nagaraja et al., 1985b 
TTGNNNNNMCAYG * 
SIySB 5' GAGNNNNNNRTAYG Nagaraja et al., 1985b 
CTCNN MN N N V AT RC * 
SIYSQ 5' AACNNNNNNRTAYG Nagaraja et al., 1985c 
TTGNNNNNNYATRC * 
SIySJ 5' GAGNNNNNNGTRC Gann et al., 1987 
CTCNNNNNNCAYG * 
EcoA 5' GAGNNNNNNNGTCA Suri et al., 1984b 
CTCNNNNNNNCAGT 
* 
EcoE 5' GAGNNNNNNNATGC Cowan et al., 1989 
CTCNNNNNNNTACG 
CfrA 5' GCANNNNNNNGTGG Kannan et al., 1989 
CGTNNNNNNNCACC 
EcoR124 5' GAANNNNNNRTCG Price et al., 1987 
CIT N N N N NN V AGC 
EcoR124/3 51 GAANNNNNNNRTCG Price et al., 1987 
ATTNNNNNNNYAGC 
EcoDXXI 5' TCANNNNNNNATTC Piekarowicz and Goguen, 
AGTNNNNNNNTAAG 1986 
* indicates methylated adenine residues 
Y indicates that either pyrimidine base may be present 
R indicates that either purine base may be present 
N indicates that any base may be present 
.28a. 
Gough and Murray (1983), determined the nucleotide sequences of the 
hsdS genes of the related EcoK, EcoB and EcoD type I systems. It was hoped 
that since these gene products could interact with conserved M and R subunits, 
and essentially direct the multisubunit complex in its interaction with DNA, any 
variations between their predicted amino acid sequences would reflect their 
different recognition specificities. The S gene sequence variation seen was much 
more extensive than expected. Essentially, the sequence comparison revealed 
only two short conserved regions; the first, approximately lOObp long was located 
in the middle of the genes, while the second conserved region formed the 
terminal 250 bp of the S genes. The hsdS gene sequences of the two other 
naturally occurring K-family systems StySP and SIySB have also been determined 
(Fuller-Pace and Murray, 1986; Gann et at., 1987). These sequences showed the 
same regions of conservation as the S genes of EcoK, B and D. Although it 
was difficult at that time to imagine that such extensive variation between 
different S polypeptides merely reflected differences in sequence specificity, we 
now believe that this is indeed the case (Cowan et al., 1989). The extent of the 
variation indicates a complex pattern in sequence specific DNA:protein 
interactions between type I enzymes and their target sites. 
Figure 1.4 shows a schematic representation of a generalised K-family S 
polypeptide. The regions which are conserved or variable when S polypeptides 
dictating different recognition sequences are compared, have been indicated 
(Gough and Murray, 1983). The polypeptides vary in length between 445 and 
475 amino acid residues. The N-terminal 150 residues are referred to as the 
amino variable domain which is encoded by the proximal variable region of the 
gene. The central 35 residues form the central conserved region, and are 
followed by a second variable domain of approximately 150 residues. This is 
called the carboxyl variable domain, and is encoded by the distal variable region 
of the gene. The remaining 80 amino acids forms the carboxyl conserved 








central 	carboxyl variable 	carboxyl 
region 
	
conserved region 	 conserved 
region 	 region 
A schematic diagram of a K-family S polypeptide. The conserved regions are 
hatched boxes; the variable regions are open boxes. The positions of the 
repeated sequences identified by Argos (1985) are shown. 
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Gough and Murray (1983), noticed that while the high level of sequence 
conservation within the regions of the hsdS genes which shared homology 
indicated a common ancestry, the variable regions could equally well be 
explained either as having resulted from insertions of DNA sequence modules, 
or simply as having diverged to such a level that any common ancestry was 
obscured. By way of explanation, they proposed that the highly conserved 
carboxyl conserved domains might be responsible for inter-subunit interactions, 
while the central conserved regions might maintain a common configuration for 
DNA binding while retaining sufficient variability to confer different sequence 
specificities. In this model, divergence in the amino acid sequences flanking the 
conserved domains would be allowed provided the appropriate tertiary structure 
were maintained. 
An alternative interpretation of the data correlated the two variable 
domains of the S polypeptides with recognition of each of the two components 
of the target sequences (Gough and Murray, 1983). This model predicted that 
hsdS genes in which variable regions were derived from different specificity 
genes, would confer novel specificities. 
Argos (1985), identified a repeated amino acid sequence within the 
specificity polypeptides of EcoK, B and D. This repeated sequence, has 
subsequently been shown to be characteristic of all K-family S polypeptides. 
Argos proposed a further model to account for DNA recognition by type I 
enzymes, by correlating the repeated sequences with two DNA recognition 
domains. Since the "Argos repeats" (marked on the schematic diagram, figure 
1.4) overlap, but are not confined to, the central and carboxyl conserved regions 
of the S polypeptides, this model allowed for greater diversity in domains 
specifying different recognition specificities than did a previous model (Gough 
and Murray, 1983) confining DNA recognition to the central conserved regions. 
A novel specificity SIySQ, isolated from a P1 transduction experiment, was 
30 
presumed to have been generated by in vivo recombination between the parental 
specificity genes of SIySP and SIySB (Bullas et al., 1976). The recombination 
event , localised within the central conserved regions of the two parental genes, 
resulted: in an S gene comprising the amino half of SP and the carboxyl half of 
SB (Fuller-Pace et al., 1984; Fuller-Pace and Murray, 1986). The sequence 
recognised by this recombinant specificity system was shown to comprise one 
component originating from each of the two parental recognition sequences 
(Nagaraja et al., 1985a,b). In other words the recombination event which had 
generated the novel specificity SO, had reassorted two DNA recognition domains 
each specifying one component of the target sequence (figure 1.5). Comparisons 
of the predicted amino acid sequences of the parental specificity genes placed 
constraints on the localisation of these two domains. The central conserved 
regions of these genes appeared to show too little diversification to allow 
recognition of two different target sequences, and it was tempting to suppose 
that the variable regions of the S polypeptides might include the recognition 
domains (Fuller-Pace and Murray, 1986). 
Circumstantial support for this proposal was seen in a sequence 
comparison between the hsdS genes of SIySP and EcoK, both of which have the 
same defined trimeric component (5' AAC) to their recognition sequences. A 
striking homology was seen throughout the proximal variable regions of these 
genes, where different S genes would normally show great variation (Fuller-Pace 
and Murray, 1986). This observation was consistent with these enzymes sharing 
one DNA recognition domain which during evolution had become associated 
with different secondary domains. 
To test the prediction that the specificity polypeptides of SIYSP and SIYSB 
contained two separate and independent DNA recognition domains, Gann et al., 
(1987) constructed a recombinant S gene having the reciprocal structure to that 
of SIySQ (figure 1.5). This hybrid specificity gene of SIySJ derived its proximal 
half from SIySB and its distal half from SIySP the recombination event having 
31 
Figure 1.5 





Central Carboxyl Carboxyl 
variable conserved variable conserved 
region region region region 
A schematic diagram of the wild type S polypeptides from SIySP and SiySB, and 
their recombinant derivatives S1ySQ, SIySJ and SIySQ*. The recognition 
sequence specified by each S polypeptide is shown. 
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taken place within the central conserved regions. It was shown that this 
recombinant S gene indeed conferred a novel specificity, and recognised the 
hybrid sequence predicted for a recombinant with these origins (Gann et al., 
1987) (figure 1.5). 
These experiments suggested that DNA recognition was specified by the 
variable polypeptide domains, but since the recombination events had also 
reassorted minor differences in the central conserved region, the model had not 
been proven. Indeed, the model predicted by Argos (1985) had implicated 
regions including these conserved polypeptide domains in DNA recognition. In 
order to demonstrate that recognition of the trimeric component of the target 
site, was completely confined to the amino variable polypeptide domain, site 
directed mutagenesis of the SIySQ hsdS gene was used (Cowan et al., 1989). A 
derivative, SIySQ*,  was constructed in which the entire central conserved domain 
was identical in amino acid sequence to that of SIySB, and which therefore had 
derived only its amino recognition domain from SIySP (figure 1.5). This 
recombinant gene nevertheless specified the same DNA recognition sequence 
as SIySQ and therefore it could be concluded that the amino variable domain 
of 150 amino acids was alone sufficient to confer specificity for recognition of 
the trinucleotide component of the target site (Cowan et al., 1989). By analogy 
it is expected that the carboxyl variable region of S would confer recognition of 
the other defined component of the target sequence. 
Predicted amino acid sequence comparisons have shown that the A-family 
S polypeptides, like those of the K-family include two large variable regions 
(Cowan et al., 1989; Kannan et al., 1989). The amino variable domain in the 
K-family polypeptides is the N-terminal 150 amino acids, whereas the equivalent 
region in the A-family polypeptides is preceded by an amino conserved domain 
of approximately 100 amino acids (Kannan et al., 1989). EcoA and EcoE, two 
members of the A family, both recognise 5' GAG as the trimeric component of 
their target sequence. Comparable with the EcoK/SIySP comparison in the K- 
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family, it was shown that EcoA and EcoE have very similar amino variable 
regions specifying recognition of this trinucleotide (Cowan et al., 1989). 
Comparisons between the predicted amino acid sequences of the S 
polypeptides of EcoA or EcoE, and those of the five naturally occurring K-
family enzymes, only detected obvious similarity with SIySB. The amino terminal 
150 amino acids of StySB, showed 44% sequence identity with the corresponding 
amino variable domain of either EcoA or EcoE (Cowan et al., 1989). This 
similarity could be correlated with recognition of the trinucleotide 5' GAG in 
all three cases (figure 1.3). In other words, a large polypeptide domain 
specifying recognition of the trinucleotide 5' GAG, was conserved between 
polypeptides of otherwise dissimilar amino acid sequence. 
Although there is no evidence to implicate all the residues within a 
recognition domain in defining specificity, when two such domains specify 
different recognition sequences no similarity can be detected between them. On 
the other hand, the conserved recognition domains of EcoK and SzySP, or EcoA 
and EcoE, show a high level of amino acid sequence identity throughout their 
length (90% and 80% sequence identity respectively). Although a much lower 
level of sequence identity is seen in comparisons between the amino variable 
domains of StySB and EcoA or EcoE, this level of conservation might give more 
indication of the minimum requirement for recognition of 5' GAG. 
Alternatively, this difference might reflect necessary variability between the K 
and A-family enzymes in order that they can interact with their different M 
subunits. 
As earlier mentioned, EcoR124 and EcoR124/3, members of a third 
family of type I enzymes, recognise sequences which differ only in the lengths 
of their non-specific, spacer regions. The EcoR12413 specificity arose 
spontaneously from EcoR124, and it has been shown that in vivo expression of 
these two specificities can switch reversibly (Glover et al., 1983). The hsdS 
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genes from these two systems have been shown to be essentially identical as 
determined by DNA heteroduplex analysis (Price, 1984; Firman et al., 1985; Price 
et a! 1987a). The nucleotide sequences of these genes has revealed the basis for 
the difference in recognition specificity of the two systems (Price et al., 1989). 
The only difference between the two S genes is that a 12 bp sequence in their 
centres is repeated twice in EcoR124, and three times in EcoR124/3. Deletion 
of one of these repeats in the EcoR124/3 hsdS gene changes its specificity to 
that of EcoR124 (Price et al., 1989). In other words, an extra four amino acids 
in the middle of the EcoR124/3 S polypeptide, accounts for its altered DNA 
recognition specificity. The position of the repeated sequence relative to the 
DNA recognition domains of these enzymes has not been determined, since no 
nucleotide sequence information is yet available for EcoDXXI, the third 
member of this family of enzymes which shares no common component of its 
recognition sequence with either EcoR124 or EcoR124/3 (figure 1.3). It seems 
highly likely however that the repeated sequence could lie in a region equivalent 
to the central conserved domains of the K and A-family S polypeptides. 
Unequal crossing over between two EcoR 124 specificity genes, could then be 
envisaged to give rise to the EcoR124/3 specificity, thereby increasing the length 
of the polypeptide chain between two DNA recognition domains. 
F Restriction Alleviation and Modification Enhancement by the Lambda ml 
Gene Product 
Host specific restriction and modification systems protect bacterial cells 
from invading foreign DNA. Host cells which encode restriction and 
modification enzymes will degrade the DNA of many infecting bacteriophages 
by endonucleolytic cleavage, if it is not specifically methylated at certain sites. 
Bacteriophages on the other hand have evolved a wide range of different 
mechanisms for protecting themselves against the restriction systems of their 
hosts. Anti-restriction mechanisms of one kind or another have been found in 
practically every phage that has been examined (for review see; Krueger and 
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Bickle, 1983). 
EcoK restriction and modification is antagonised by phages T3, Ti and 
A. The active anti-restriction function that is encoded by the gene 0.3 of the 
closely related phages T3 and T7, inhibits both restriction and modification 
(Krueger et al., 1977). ral, the restriction alleviation function of A however, does 
not block EcoK activity, but merely appears to change it; not only is restriction 
severely reduced, but also modification is strongly enhanced (Zabeau et al., 
1980). Expression of ral by modified A.K infecting E.coli K-12, relieves 
restriction of superinfecting A.0. The possibility that relief from restriction 
resulted from recombination between A.K and the superinfecting phage was 
ruled out by experiments which yielded similar results even when the unmodified 
phage was unable to recombine with A. Unmodified A.0 is restricted as 
efficiently by E.coli K-12 as Aral- .0, illustrating that A cannot use its own Rai to 
escape restriction (Zabeau et al., 1980). 
In vitro restriction and modification reactions of type I enzymes differ not 
only in their cofactor requirements, but also in their substrate preferences (Vovis 
et al., 1974). The products of the hsdM and S genes together are capable of 
modification while the complete restriction complex encoded by hsdR, M and S 
may restrict or modify, depending upon the methylation state of its target 
sequence. Whereas endonucleolytic activity requires unmodified DNA, 
methylation shows a strong preference for hemimethylated DNA and in the 
presence of the R polypeptide this reaction is stimulated by Al? and Mg 2 
(Vovis et al., 1974; Suri et al., 1984a). 
The in vivo modification process has similar properties to the in vitro 
reaction (Zabeau et al., 1980). Efficient modification of newly replicated phage 
DNA is dependent upon the imprint of methyl groups in the complemental)' 
strands of target sequences. In other words, only properly modified Aral- phages 
will yield completely modified progeny after a single round of growth in a rm 
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host strain, whereas only a low percentage of the progeny phage arising from 
unmodified phage will become methylated (Zabeau et al., 1980). A however, 
will always yield modified progeny irrespective of the modification carried by 
the parental phage. Zabeau et al., (1980) showed that this efficient modification 
was not due to a methylation activity specified by A, but rather resulted from 
stimulation of host modification by the. Aral gene product. 
The role of Ral in the A life cycle is unknown, but it is apparently 
dispensable for normal A growth (Zabeau et al., 1980). The ral gene has been 
mapped to a region of the early leftward operon close to N (Debrowere et al., 
1980a) and assigned to an open reading frame of 201 bp between N and EalO 
(Ineichen et al., 1981; Sanger et al., 1982). Aral- and AN- will complement each 
other, and in this way their non-identity was originally demonstrated (Debrowere 
et al., 1980a). This was of particular importance considering that ral like N 
apparently counteracts Rho mediated transcription termination (Debrowere et 
al., 1980b). Together with the demonstration that rho strains of E.coll show 
increased modification and reduced restriction, this observation had led to the 
suggestion that Ral might exert its effect upon EcoK by counteracting Rho 
(Debrowere et al., 1980b). In this case, a proposed anti-Rho activity of Ral 
would be responsible for the observed secondary effects of Ral on restriction 
and modification. More recent experiments following the cloning of ral in a 
plasmid expression vector have failed to demonstrate any anti-Rho activity 
attributable to Ral (Loenen and Murray, 1986). That EcoK activity is altered 
in rho strains has been confirmed, but this altered activity is much less dramatic 
than that caused by Ral, and modification levels although substantially elevated 
in rho strains can still be further enhanced by Ral (Loenen and Murray, 1986). 
Cloning of the ral gene has provided more simple tests for restriction 
alleviation and modification enhancement allowing further characterisation of the 
ral gene product (Loenen and Murray, 1986). Zabeau et al., (1980) showed that 
Ral specifically affects the closely related type I restriction systems EcoK and 
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EcoB, but has no effect upon the type II enzyme EcoRl or the type III enzyme 
EcoPi. That the effect of Ral upon the type I restriction enzymes is actually 
confined to the K-family systems was shown by Loenen and Murray (1986). 
Expression of Ral, which could be induced from the plasmid in an appropriate 
E.coli restricting strain, did not alleviate restriction by either EcoA or EcoR 124, 
although as expected, restriction by both EcoK and EcoB was substantially 
reduced. These results appear to be in contrast with one suggestion that Ral 
might act as an antagonist to ATPases (Debrowere et al., 1980b). Although all 
type I enzymes are indeed ATPases, they are not all affected by Ral. It has 
also been shown that Ral will strongly enhance modification of an hsdRK deleted 
strain (Loenen and Murray, 1986). However, since all ATP-dependent or AT!'-
stimulated activities of EcoK require the presence of the R gene product, it 
might be expected that a protein which specifically antagonised AlPases might 
have no effect in the absence of the R polypeptide. 
Experiments were designed to illustrate whether increased methylase 
synthesis could substitute for Ral. "Self modification" of Ahsd Krat4 and Ahsd Krat 
phages from which the hsd genes were expressed either early or late in infection 
was assessed (Loenen et al., 1986); Whereas the orientation of the hsd genes 
relative to A promoters (which should reflect different levels of methylase 
synthesis) had little effect upon the modification efficiency, the presence of an 
active ral gene greatly enhanced modification. It is therefore probable that Ral 
actually affects the kinetics of methylation, perhaps by changing the affinity of 
the EcoK methylase for its target sequence in either the unmethylated or the 
hemimethylated state. In vitro modification of hemimethylated DNA by EcoK 
or EcoB, is 100-fold faster than if the target site is unmethylated (Vovis et al., 
1974). Correspondingly, the EcoK methylase modifies a hemimethylated 
substrate 35-fold more efficiently than an unmethylated substrate (Suri et al., 
1984a). In vivo methylation of unmodified Aral -.0 DNA in an /zsdRK deleted 
strain carrying the ral plasmid, was enhanced 100-fold when Ral expression was 
induced (Loenen and Murray, 1986). This would suggest that Ral indeed 
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enhanced the efficiency of methylation of unmodified DNA, and since this 
occurred in the absence of the R polypeptide, the primary effect of Ral was on 
the methylase. It is conceivable that Ral might simultaneously modulate both 
restriction and modification, perhaps by, interacting with the methylase complex 
to increase its affinity for unmodified .DNA, and at the same time physically 
preventing the R polypeptide from binding to the methylase or indeed displacing 
it from the restriction complex. Alternatively, both effects of Ral might simply 
be accounted for by a change in the substrate specificity of the restriction 
complex and its derivative methylase. An enzyme which could no longer 
distinguish between unmethylated and hemimethylated substrates might modify 
its recognition sequence in cases where restriction would be the normal reaction 
course. 
1.3 FUNCflONAL DOMAINS OF RESTRICIION AND MODIFICATION 
ENZYMES 
A Type II Restriction Enzymes: The Basis of Specificity 
The ability of proteins to recognise specific DNA sequences plays a key 
role in many biological processes. For such recognition a protein must 
distinguish a given nucleotide sequence from all other sequences. Whether 
knowledge of the mechanism of DNA recognition by particular proteins may 
reveal a general "recognition code" is an intriguing question in molecular biology. 
The crystal structures of a number of proteins that recognise specific sites on 
DNA have been solved, and indeed many of these appear to use common 
structural motifs for specific DNA binding (for reviews see Pabo and Sauer, 
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1984; Harrison and Aggaal,npre ). In many cases, for example as found for 
phage repressor and Cro proteins interacting with their operator sequences 
(Jordan and Pabo, 1988; Anderson et al., 1985 and 1987; Wolberger et al., 1988) 
specificity is determined, or at least largely so, by interactions between amino 
acid side chains on the solvent exposed face of a "recognition helix", and bases 
in the operator. Under these circumstances a "recognition code" albeit with 
some degeneracy would seem conceptually possible. 
In the case of restriction and modification enzymes which not only must 
bind to specific sequences, but also must act on the DNA, a more complex 
recognition mechanism than those observed for simple repressor proteins might 
be required. The type II restriction enzyme EcoRI has been extensively studied 
(for review see Rosenberg et al., 1987). The endonuclease is a homodimer of 
a 276 amino acid polypeptide. It binds specifically to the sequence GAATTC 
in the absence of Mg2 (Modrich, 1979), although this ion is required for the 
endonucleolytic cleavage of the phosphodiester bond between the G and A 
residues of its target site leaving a 5' phosphate (Connolly et al., 1984). 
The structure of the EcoRI endonuclease-DNA cocrystal has been 
0 
determined to 3A resolution (McClarin et al., 1986). From this crystal structure 
the positions of amino acid residues within the protein have been assigned 
relative to the DNA substrate. The structure shows that the enzyme interacts 
with DNA in the major groove and the adjacent phosphodiester backbone while 
leaving the minor groove exposed. The DNA itself is kinked in such a way that 
the major groove is widened at the recognition site (Frederick et al., 1984) 
Hydrogen bonds (H-bonds) between the purine bases of the recognition 
sequence and the side chains of three amino acids in each enzyme subunit have 
been implicated as the primary determinants of sequence specificity (McClarin 
et al., 1986). The bases and amino acids have a precise positioning relative to 
each other. Different x-helices provide a structural foundation for interaction 
with two different sections of the recognition sequence (figure 1.6). An inner 
module recognises the tetranucleotide AATT, whilst two outer modules recognise 
the flanking G-C base pairs. These outer modules are identical and 
symmetrically related: their interaction involves two H-bonds between Arg200 
and guanine. Within the inner module, Glu144 and Arg145 from opposite 
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Figure 1.6 
A schematic diagram of one subunit of EcoRl endonuclease, and both strands 
of the DNA in the complex. The arrows represent a-strands, the coils represent 
a-helices, and the ribbons represent the DNA backbone. The a-helices in the 
foreground are the inner and outer recognition helices; they connect the third 
a-strand to the fourth (0-4), and the fourth /3-strand to the fifth (a4-5). These 
two helices also form the central interface with the other enzyme subunit. The 
amino-terminus of the polypeptide chain is in the arm near the DNA (from 
McClarin et al., 1986). 3qo 
enzyme subunits form four H-bonds with the two adjacent adenines of the GAA 
half-site. Thus twelve H-bonds between the protein dimer and its recognition 
sequence determine the sequence specificity of EcoRI. Detailed analysis of 
these interactions have shown that any base substitutions within the EcoRI 
recognition sequence would disrupt at least on.of these H-bonds (McClarin et 
al., 1986). In other words, the twelve H-bonds allow EcoRI to discriminate 
between its recognition site and any other hexanucleotide sequence. 
At the protein:DNA interface, charged residues are arranged in space 
such that adjacent groups are oppositely charged. This alternation of positive 
and negative charges is thought to be important in maintaining local interface 
structure. The amino acids that form hydrogen bonds to the bases are part of 
this charge array, as are other basic amino acid side chains in their immediate 
vicinity (such as Arg203), and the DNA phosphates. It has been suggested that 
significant displacement of the negatively charged side chain of Glu 144 in either 
enzyme subunit would disrupt the entire recognition interface. This amino acid 
interacts with the central adenines of the target site at the N 6 amino group. 
Since this is the position where the EcoRI methylase modifies the DNA, such 
methylation would displace a Glu144 side chain thereby destabilising the 
electrostatic character of the protein:DNA interface. In this way the recognition 
interface of the enzyme could discriminate between a modified and an 
unmodified target site (McClarin el al., 1986). 
In the Mg24 free cocrystal structure, the active site for DNA strand 
cleavage is not fully assembled (McClarin et al., 1986). Presumably this inactive 
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 complex" isomerises to an active form in the presence of Mg24 . 
Physical coupling between these two forms of the enzyme could allow an 
inactive conformation to be maintained until all the sequence specific H-bonds 
have been formed (McClarin et al., 1986). This mechanism could ensure that 
enzyme bound to a non-cognate sequence would not be activated, and 
indiscriminate DNA cleavage would not occur. Conditions that allow cleavage 
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at non-cognate sequences, known as EcoRI*  activity, presumably allow enzyme 
activation in the absence of some of the H-bonds usually required. 
A further study of sequence discrimination by type II enzymes has 
examined the activity of EcoRV both at its recognition sequence GATATC, and 
at a non-cognate sequence GTTATC. Like EcoRI, EcoRV requires Mg2 for 
DNA cleavage. Not only does the enzyme have a higher affinity for its cognate 
site than for its non-cognate sequence, but its affinity for Mg 2 is also reduced 
when bound to the non-cognate site. The reaction mechanism at each site also 
differs. Whereas enzyme bound to its recognition sequence cuts both DNA 
strands in one concerted action, that bound to the non-cognate site cuts first one 
strand and then the other. This difference in reaction mechanism is of 
additional biological importance, since it allows DNA ligase to selectively repair 
single stranded breaks at non-cognate sites and therefore to proofread EcoRV* 
activity (Taylor and Halford, 1989). 
Mutational studies of the EcoRI restriction enzyme have benefited 
greatly through analysis of the effect of amino acid substitutions relative to the 
EcoRI:DNA cocrystal structure. Yanofsky et al., (1987), isolated 62 missense 
mutants of the EcoRI endonuclease. These null mutants, generated through 
chemical mutagenesis of the wild type EcoRI endonuclease gene, were selected 
following transformation of methylase deficient E.coli under conditions of high 
endonuclease expression, through their inability to restrict unmodified 
chromosomal DNA. Cultures of the mutants were then screened in Western 
blots and shown to contain normal levels of endonuclease cross-reacting protein. 
The nucleotide sequences of 29 mutant genes were determined and 22 of these 
were shown to have single base changes. The frequency of duplicate mutations 
detected indicated that a significant fraction of the possible sites at which null 
mutations could be obtained had been found. The majority of mutants fell into 
two major groups when interpreted in terms of the cocrystal structure: 
1. Significant clustering of mutations was seen in the region encoding amino 
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acids 139-144. These residues define a critical portion of the protein:DNA 
interface (McClarin et al., 1986). Residues A1a139 and Gly140 are tightly 
packed close to the DNA backbone. Three mutations which replaced these with 
bulkier residues (Val139, Thr139, Serl40) could interfere with the positioning of 
the protein on the DNA. Glu 144 is in the inner recognition module and forms 
H-bonds to adjacent adenines in the recognition sequence. It also participates 
in electrostatic interactions with Arg200 and Arg203. The null mutation which 
replaced Glu 144 with Lys, would disrupt both the H-bonds to the bases, and the 
electrostatic contacts. 
2. The endonuclease is active only as a dimer, and so mutations which 
disrupted this protein:protein interaction would eliminate activity. Several 
mutations affected amino acids at, or near the dimer interface. Some mutant 
enzymes were unable to dimerise (Glu144-Lys, G1u152-Lys, G1y210-Arg). In 
addition to being at the protein:DNA interface (see above discussion) Glu 144 
also makes electrostatic contacts across the subunit interface which would be 
disrupted by the Lys substitution. G1u152 is buried in the subunit interface and 
probably makes hydrophobic inter-subunit interactions which would be disrupted 
by replacement with Lys. Replacement of Gly210 with Arg would again be 
expected to disrupt the subunit interface and so affect dimer stability. 
Other mutations which did not immediately fall into either of the two major 
groups described above, might still affect these interfaces by allowing too much 
flexibility in the protein structure. 
A dual role has been proposed for Arg200; not only does it recognise the 
outer G-C base pair in the target sequence, but it is also a critical part of the 
charge array at the protein:DNA interface (McClarin et al., 1986). Through 
cassette mutagenesis, this residue was systematically replaced by all other 19 
possible residues, and the activity of the resultant mutant endonucleases was 
evaluated (Needels et al., 1989). Immunological quantification assays showed 
that in all cases the mutant polypeptides were present at a level equivalent to 
that of wild type. Endonuclease activity was tested both in vj(TO and in vivo. 
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The phenotype of a bacterial strain expressing each mutant endonuclease in the 
absence of EcoRI methylase, provided .a sensitive assessment of in vivo DNA 
cleavage, with good correlation to in vitro activity. Thirteen mutants lacked, and 
the remainder showed a dramatically reduced in vivo activity. Lys200 had the 
greatest residual activity both in vitro and in vivo although it was still 
considerably less active than the wild type enzyme. Lys200 would be predicted 
to form two H-bonds to guanine in a similar manner to Arg, and through 
conservation of positive charge at this position should maintain electrostatic 
contacts similar to those of the wild type enzyme. With some substitutions (Cys 
and Val for example), the mutants had low residual activity, although this could 
only be detected in vivo. This was rationalised by suggesting that removal of H 
bonding potential at position 200, significantly reduced but did not eliminate the 
ability of the enzyme to cleave at its recognition site. The saturation 
mutagenesis highlighted how difficult it might be to actually change the 
recognition specificity of EcoRI by simply replacing a single amino acid that 
was involved in sequence determination. Since an EcoRI specificity change in 
the absence of a similar change in the companion methylase would be lethal, 
resistance to mutationally induced specificity changes could have arisen from 
evolutionary pressure. 
Considerably less is known about the EcoRI methylase (M.EcoRI) than 
the endonuclease in terms of its interaction with DNA. There is no structural 
information for the methylase and it shows no sequence similarity to the 
endonuclease (Greene et al., 1981; Newman et al., 1981). The methylase 
functions catalytically as a monomer, which suggests that its interaction with the 
symmetrical target site is asymmetric (Rubin and Modrich, 1977). The EcoRI 
endonuclease and methylase therefore recognise the same target sequence in 
different ways. This has been shown through experiments looking at the effects 
of base analogue substitutions upon cleavage and methylation of a set of 
octadeoxyribonucleotides containing modified EcoRI recognition sites (Brennan 
et al., 1986a and b). The various base analogue substitutions used altered 
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functional groups on bases in the major and minor grooves of the target site. 
Their effects were interpreted in terms of possible interactions of the enzymes 
with their target sequence. Both enzymes were extremely sensitive to alterations 
in their substrates, even if they were not in direct contact with the site of the 
change. Changes in the minor groove, could for example effect the 
endonuclease by a conformational affect, despite the fact that the protein makes 
no contact with the minor groove (McClarin et al., 1986). The different ways 
in which the endonuclease and methylase recognise their target sites were best 
illustrated by changes which affected one enzyme but not the other. The 
endonuclease was sensitive to changes at position 5 of cytosine in the major 
groove whereas the methylase was not. Conversely a change in position 1 of 
guanine in the minor groove specifically inactivated methylation but not 
restriction (Brennan et al., 1986b). However these differences were not 
surprising for enzymes catalysing entirely different reactions. Whereas the 
endonuclease is known to interact only with the major groove (McClarin et al., 
1986), the methylase probably interacts with groups in both grooves of the DNA 
(Brennan et al., 1986b). 
B Type III Restriction and Modification Enzymes 
The type III enzymes are numerically the smallest class of restriction and 
modification systems, having only three members at present (for reviews see 
Bickle, 1982; Bickle, 1987). Two of these are in E.coli, encoded by the 
prophage P1 and the plasmid P15; they are designated EcoPl and EcoP15 
respectively. The type III enzymes recognise asymmetric DNA sequences and 
cut DNA 25 bp 3' to a target site leaving a short ss 5' protrusion. Type III 
restriction enzymes are composed of two different subunits, the products of the 
res and mod genes. These enzymes are bifunctional; restriction is dependent 
upon ATP although ATP is not hydrolysed. In the presence of Ado-met 
restriction and modification are competing reactions, and unmodified DNA is 
not digested to completion. Type III modification enzymes with no restriction 
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activity have also been purified. These are tetramers of the smaller of the two 
enzyme subunits, the product of the mod gene. Type III methylation is peculiar, 
firstly in that Mg2 is required for activity, and secondly in that only one strand 
of the target sequence can be modified. Consequently, following DNA 
replication completely unmodified target sites are produced. 
The molecular weight of the Res polypeptide is 106,000, and that of the 
Mod polypeptide is 75,000. Near sequence identity between the res genes of 
EcoPi and EcoP15 was demonstrated by heteroduplex analysis (lida et al., 1983). 
Similar analysis of their mod genes, recently confirmed by DNA sequencing 
(Humbelin et al., 1988), has demonstrated that while the beginnings and ends 
of the mod genes are well conserved, the central portions of the genes 
(comprising about 750bp) show very little similarity to each other. A high 
degree of similarity between the EcoPi and EcoP15 genes was expected because 
it had been shown in earlier experiments that mutational defects in either of 
these systems could be complemented by functional alleles from the other 
(Arber and Wauters-Willems, 1970). The Mod polypeptide dictates the 
specificity of both restriction and modification. The organisation of sequence 
conservation between EcoPl and EcoP15 was therefore reminiscent of that 
found within families of type I restriction and modification enzymes (Gough and 
Murray, 1983). 
Some clear-plaque mutants of the phage P1, map to the res/mod region 
of the genome. These mutant phage form clear plaques because they fail to 
modify DNA whilst retaining their ability to restrict. They are therefore unable 
to lysogenise because they would destroy their host chromosome, although they 
can grow lytically because restriction is only expressed late after infection. DNA 
sequencing of two of these mutants (Humbelin et al., 1988) located in each case 
a point mutation within the non-conserved region of their mod genes. The two 
independent mutations were within 80bp of each other. More extensive 
characterisation of the enzymes encoded by these two mutant genes has been 
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facilitated through their over-expression and purification (Rao et al., 1989). 
Consistent with the earlier genetic experiments, the two mutant methylases were 
shown to be defective in in vitro DNA methylation. Since they were still able 
to interact with the Res polypeptide to form a restriction enzyme of normal 
sequence specificity, it was suggested that their phenotype could result either 
from a failure to bind Ado-met, or a failure in methyl group transfer. Both of 
the mutant proteins were tested for their ability to bind Ado-met, and it was 
shown that their primary defect was indeed in the binding of this cofactor (Rao 
et al., 1989). Site directed mutagenesis of the EcoPl mod gene has created 
three mutations at a single codon within the non-conserved region. This codon 
was distinct from those codons where the two previous mutants were located. 
Two of the three mutations had little or no effect upon methylation or Ado-
met binding, whereas the third gave a more curious phenotype. The mutant 
enzyme was unable to bind Ado-met or methylate DNA, but when expressed in 
cells would prevent lysogeny by P1, unless the phage were res. These results 
suggested that whereas the mutant methylase was incapable of methylation, it 
could still assemble an active restriction enzyme. However unlike the two 
previous mutants of this phenotype, this mutant appeared to have an altered 
DNA recognition specificity. EcoPl modification encoded by the wild type 
phage could not protect DNA against a restriction enzyme containing the mutant 
Mod polypeptide (Rao et al., 1989). 
The results of the mutational analysis support the idea that the non-
conserved region of the Mod polypeptide confers sequence specificity. Mutations 
which disrupt Ado'-met binding map in this region, consistent with the 
expectation that an Ado-met binding site should be physically close to the target 
sequence in the recognition complex. Furthermore the mutation which 
apparently altered the sequence specificity of the methylase as well as preventing 
Ado-met binding is also within the non-conserved region. The mutational 
analyses together with comparative sequence information might therefore define 
a domain within mod necessary for DNA recognition and methylation. 
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C DNA Methylases 
DNA methylases can recognise specific DNA sequences, and although 
initially bind non-specifically to DNA, will in the presence of a target site, 
catalyse methyl group transfer from Ado-met to a specific nucleotide within the 
recognition sequence. This property of sequence specific DNA methylation, 
together with the availability of a large number of cloned methylase genes 
confering different specificities (for review see Wilson, 1988) has made them 
suitable proteins for the study of protein:DNA interaction. 
Two main approaches have been taken to identify methylase domains that 
are responsible for DNA recognition and methylation; comparisons between 
predicted amino acid sequences, and mutational analyses. The nucleotide 
sequences of many methylase genes are available and their predicted amino acid 
sequences have been compared. These have been particularly useful where 
enzymes show a level of functional similarity beyond their common ability to 
methylate DNA. For example, sequence comparisons have been made between 
enzymes that methylate the same specific nucleotide (Loenen et al., 1987; 
Chandra; egaran and Smith, 1988; Lauster, 1989). The methylases have been 
broadly divided into three groups on this basis. Most commonly they methylate 
the C-5 position of cytosine (5C-methylases), or the nitrogen at the amino group 
of the C-6 position of adenine (N 6-A methylases), but some N4-C methylases 
have been observed. Comparisons have also been made between enzymes that 
recognise a common target sequence (Lauster et al., 1987; Behrens et al., 1987; 
Guschlbauer, 1988; Lauster et al., 1989). Mutational analys have indeed largely 
relied upon primary information from sequence comparisons of this sort for their 
interpretation (Balganesh et al., 1987; Wilke et al., 1988). 
Studies of the closely related multispecific 5C-methylases of some 
temperate Bacillus subtilis bacteriophages (namely 	SPR and 03T) have 
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proved to be particularly important in defining polypeptide domains of probable 
functional significance. These phage methylases share a common recognition 
sequence, 5' GGCC, whilst differing in their capacity to recognise and methylate 
alternative specificities. Comparisons of the amino acid sequences of the SPR, 
and Ø3T methylases (Behrens et al., 1987) revealed that they all contained 
two highly conserved regions of 250 and 100 amino acids located at their amino 
and carboxyl termini,. respectively. In each polypeptide, these blocks of 
homology were separated by variable sequences of approximately 80 (SPR), 150 
('l) or 50 (03T)  amino acids with only limited similarity. These results 
suggested that the conserved sequences might represent "core" domains 
responsible for the general steps in the methylation reaction, and for recognition 
of GGCC, whilst regions which showed little sequence similarity could be 
responsible for recognition of those additional target sequences specific to each 
enzyme. Chimeric methylases were constructed (Balganesh et al., 1987) in which 
segments of the SPR and ja3T methylases were joined at equivalent molecular 
locations within either the conserved or the variable regions. By correlating the 
methylation specificities of these chimeric enzymes with the locations of the gene 
fusions it was shown that the conserved regions were indeed interchangeable 
between SPR and 03T and the variable regions, as predicted, were involved in 
target site recognition. 
An extensive mutational analysis of the SPR and j3T methylases (Wilke 
et a! 1988) defined two distinct classes of mutations. Class I mutations either 
reduced or destroyed the general methylation capacity of a methylase, and 
therefore marked the enzyme's core structure. On the other hand, class II 
mutations which caused defects in recognition of only one of an enzyme's 
multiple target sequences identified amino acids conferring sequence specificity 
and thereby defined "target recognising domains" (TRDs). The mutational 
results implied that the conserved polypeptide regions defined earlier, constitute 
a core structure that must be maintained. Any insertional or deletion mutations 
within these regions caused protein instability as assessed by Western blots 
(Wilke et al., 1988). However, much greater flexibility both in the length and 
amino acid composition of the variable regions was allowed. The interpretation 
of the mutational work benefited from previous analyses demonstrating the 
equivalence of extensive regions of the SPR and 3T methylase genes (Behrens 
et al., 1987; Balganesh et al., 1987). Thus mutations affecting the SPR 
methylase, in addition to their value per Se, were also highly informative with 
respect to analysis of the corresponding region of the %3T methylase and vice 
versa. 
Target recognising domains, defined by class II mutations were confined 
to equivalent regions of the SPR and 3T methylase genes including the variable 
regions and part of the carboxyl conserved regions (Wilke et al., 1988). The 
demonstration that part of the carboxyl conserved region was necessary for 
recognition of GGCC supported earlier interpretations of the comparative 
sequence data (Behrens et al., 1987). The TRDs were encoded by non-
overlapping and sequentially arranged gene segments. 
The class I mutations affecting general methylation capacity were confined 
to the conserved regions outside the TRDs. Most interestingly, all the class I 
mutations were located in regions which in comparisons with other 5C-methylases 
were highly conserved. One of these regions marked by a cluster of class I 
mutations, and extensively conserved in a variety of 5C-methylases was predicted 
to represent part of an active site for cytosine methylation (Wilke et al., 1988). 
Further information has been gained by relating the sequence similarities 
and differences amongst the three phage methylases, and the mutational data, 
to other 5C-methylases. The aim of this work was to see whether a general 
building plan for these enzymes could be derived by defining enzyme core 
sequences necessary for cytosine methylation and TRDs responsible for DNA 
recognition. Comparisons between the amino acid sequences of eleven 
prokaryotic 5C-methylases (including SPA , Ø3T and l 1) have indeed shown that 
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there are four regions of general similarity designated core elements (CEs). 
They occur in the same order in all eleven enzymes, and the spacing between 
them is also relatively well conserved (see figure 1.7) (Lauster et al., 1989). In 
agreement with the mutational analysis of the SPR and ,ø3T methylases (Wilke 
et al., 1988), the CEs apparently represent those parts of the enzymes that fulfil 
the general functions in 5C-methylation. Indeed the CE identified by a cluster 
of class I mutations (Wilke et al., 1988) as a possible active site for cytosine 
methylation, has been implicated as having a direct involvement in methyl group 
transfer, at least for the HhaI methylase (Wu and Santi, 1987). The other CEs 
most probably also have specific roles in the methylation reaction. 
Analysis of domains of the phage methylases involved in target site 
recognition has allowed a consensus TRD to be defined (figure 1.8) (Lauster et 
al., 1989). By comparing the non-conserved sequences of the monospecific 
methylases of bacterial type II restriction and modification systems with the 
phage enzyme consensus, it has been possible to define other putative TRDs. 
That the consensus TRD is apparently valid over a wide spectrum of target 
specificities suggests that type II methylase domains involved in DNA recognition 
contain a backbone sequence consisting of certain amino acids at certain 
intervals. If this is the case, then sequence specificity might itself be determined 
by the amino acids surrounding and separating the conserved backbone residues 
(Lauster et al., 1989). 
The consensus core sequences defined for the cytosine methylases have 
not been found within the adenine methylases. Analysis of the adenine 
methylase component of EcoK initially defined a region of homology common 
to a variety of adenine methylases (Loenen et al., 1987), and broader 
investigations have indeed shown that the adenine methylases invariably carry 
the amino acid sequence motif Asp/Mn, Pro, Pro, Tyr/Phe (D/NPPY/F), or a 
closely related sequence (Lauster et al., 1987; Chandras egaran and Smith, 1988). 
This sequence is not found in N 4C- or 5C-Methylases, and it has been suggested 
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Figure 1.7 
An amino acid sequence alignment showing the core elements of 11 prokaryotic,. 
cytosine-specific, type II DNA methylases. Positions where parts of the 
individual sequences are omitted are indicated by slashes within the sequences 
and arrows on top of the alignment. The consensus sequence shows a letter 
where all the sequences are identical at a particular position, and a + at 
positions where either only 2 different residues appear, or where all 11 residues 
are related (from Lauster et al., 1989). 
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Figure 18 
Eiiznie 	 TRD sequence 	 Target recognized 
	
A. .SPR 	TP--ER(;EKRQNG-RRFKDD(:EPAFTVNTIDRHGVA-VCEYP 00CC 
SlR 	NI--NI's:N(:MN(N--VYNSSC.LSPTITTNKCEGL---K1AV CC( A/ T) CC 
SI'R ---- EVS RKSGLC.- -ItELA---VSHTLSASD%vBGLNR/QNAV CCCC 
3T 	V(- - HVI)I.K:HI).' I KRVVS PEG LSPTLTTM-000HREPKIAE CCNCC 
pus (K--T N'S RNFKQGN-RVYI)SNCIATTLTSQSVGGL --- GGQTG(T/C/A)Cc(A/C/T)C 
pus 	l(- - I - l DI. KGHlL I KRVVS I'DCVSPTLTTM-CEGHREPKIAV 
pUs Nl--Nl'S(INI)Q--VVNSNCLSPTLTTNKGEGV---KISV 
S K 	RVY 	C. SPTLTT C C 	KIAN' 
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TI; S IS K CSC NRFK W PAFTL ASUR 	C 
11 	1 	1 	 TI 
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I 	Ct. 	RI 	1 	TL 	C 	A T 	CCCC 
An alignment of some characterised and putative target recognising domains. 
The sequences are from the variable regions present in the multispecific phage 
encoded C-methylases (A), and the variable regions of some monospecific 
bacterial C-methylases (B). The consensus sequences indicate, in (A) where 4 
residues out of 7 at that position are identical, and in (B) where 3 residues out 
of 9 are identical. Positions occupied by the same amino acid in both consensus 
sequences are indicated by an arrow. (C) shows some related amino acid 
sequences in four A-methylases. A particularly high sequence similarity between 
two of these A-methylases is illustrated by a pairwise comparison (from Lauster 
et al., 1989). 
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that this conserved domain might represent part of an active site for the specific 
methylation of adenine. Circumstantial evidence has provided strong support for 
this model. A mutation within the Mnt repressor of phage P22 causing an 
amino acid sequence change from ARDDPHFN... to ARDDPPFN..., lowered the 
affinity of this DNA binding protein for its operator sequence. However an 
operator mutation G-A, could restore DNA binding although only if the adenine 
was methylated (N6-methyl adenine) (Vershon et al., 1985). In this particular 
sequence context therefore, DPPF appeared to be specifically recognising a 
methylated adenine. 
The establishment of consensus sequences specific for the cytosine 
methylases (Lauster et al., 1989) and for the adenine methylases (Loenen et al., 
1987; Chandraegaran and Smith, 1988) has provided a framework for further 
sequence comparisons aimed towards defining the relatedness and general 
organisation of the DNA methylases (Lauster, 1989). Further blocks of 
similarity are apparent in subsets of adenine methylases (Lauster et al., 1987; 
Guschlbauer, 1988; Lauster, 1989). Moreover, a sequence domain conserved 
between the type II cytosine and adenine methylases has recently been detected, 
and other blocks of homology between the smaller adenine methylases and the 
carboxyl termini. of the cytosine methylases have been defined (Lauster, 1989). 
These results have indicated a distant relationship between all the type II 
methylases and together with intra-molecular sequence comparisons have 
suggested that gene duplications have occurred in the evolution of the type II 
methylases from an ancestral precursor (Lauster, 1989). 
X-ray crystallographic data are not available for any DNA methylases but 
the three dimensional crystal structure of the E.coli metJ repressor bound to its 
co-repressor Ado-met, has recently been reported (Rafferty et al., 1989). This 
is the first Ado-met binding site to be characterised. Ado-met binding in this 
context involves the insertion of its purine ring into a hydrophobic pocket on the 
protein surface, which would otherwise be occupied by the phenyl ring of a 
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phenylalanine residue. There is no direct sequence similarity between the Ado-
met binding domain of metJ and the conserved domains of the N6-A and 5C-
methylases suggested to form parts of active sites for adenine and cytosine 
methylation respectively. However, these putative methylation domains also 
show no sequence similarity to each other, and it might be expected that their 
high level of conservation between enzymes which methylate the same particular 
nucleotide reflects this methylation specificity. Residues which specifically 
interact with the methyl donor Ado-met may thus be associated with domains 




MATERIALS AND METHODS 
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2.1 STRAINS 
A Bacterial Strains 
See table 2.1 
B Phage Strains 
See table 2.2 
C Plasmids 
See table 2.3 
2.2 ENZYMES AND CHEMICALS 
DNA polymerase (Kienow fragment) and T4 DNA ligase were purchased 
from Boehringer; DNA polymerase I from NBL enzymes; restriction 
endonucleases from Boehringer, New England Biolabs or NBL Enzymes; DNase 
I, RNase A and lysozyme from Sigma Chemical Company Ltd; T7 DNA 
polymerase from Pharmacia, and Sequenase from USB. 
M13 sequencing primer (17-mer) was purchased from New England 
Biolabs; other synthetic oligonucleotide sequencing primers were from Oswel 
DNA Service (Edinburgh); deoxynucleoside triphosphates and dideoxynucleoside 
triphosphates were from Boehringer. 
Deoxycytidine 5' -[a-32pl triphosphate and deoxyadenosine 5' -[a-
35S] 
thiotriphosphate were from Amersham International. 
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Table 11 	Bacterial Strains 
Strain 	Specificity 
Number 
Relevant Features Reference/Source 
NM522 K 	A (lac-pro)AhsdMSA5 Gough & Murray (1983) 
F' lacZtiM15 lacfl 
NM555 A hsdMSA2 derivative of Fuller-Pace et al. (1985) 
WA2899 
L4001 SB hsdSB genes in Bullas & Colson (1975) 
E.coli K-12 
NM720 K mutD5 hsdMSA5 V. Barcus 
R594 K hsdK Campbell (1965) 
NM474 K hsdMVIII Sain & Murray (1980) 
K803 K hsdS3 Wood (1966) 
C600 K hsdK Appleyard (1954) 
C-la 0 E.coli C Bertani (1968) 
629 B hsdB 	 ' Gough & Murray (1983) 
157 A hsdA Arber & Wauters-Willems 
(1970) 
A58 E hsdE Duguid et al. (1955) 
ED8689 K hsdR Wilson et al. (1977) 
NM722 K hsdM*5 hsdRM N E Murray 
NM724 K hsdM*19 hsdRA4 N E Murray 
NM647 K K803 supF (P2cox) N E Murray 
K802 K hsdR2 Wood (1966) 
S.zyphimurium LT2 hsdSB Zinder 	& 	Lederberg 
SB (1952) 
S.porsdam 5? hsdSP Bullas & Colson (1975) 
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Table 2.2 Phage Strains 
Strain Relevant Features 	Reference/Source 
Number 
NM14 Ab2 immA  Cl N. E. Murray 
NM62 Aimm 434 cI N. E. Murray 
NM63 Aimm A c126 N. E. Murray 
NM144 Ah82 b522 immA  ci N. E. Murray 
NM220 A/i80 imm" c126 N. E. Murray 
NM243 AV N. E. Murray 
NM1048 A/zsdK genes in NM781 Sain & Murray (1980) 
NM1065 ABaml0 imm 21 hsdMAS Sain & Murray (1980) 
NM1066 
(ABV1) ABaml0 imm 21 Klein & Murray (1979) 
NM 1090 Aral18 c160 Loenen & Murray (1986) 
NM 1094 Aral 	c160 Loenen & Murray (1986) 
NM1097 AhsdKjal18 c160 Loenen & Murray (1986) 
derivative of ANM 1048 
NM1119 AhsdRA4 derivative of ANM1048 Sain & Murray (1980) 
NM 1249 Ac1857 derivative of AEMBL3 N. E. Murray 
NM1258 AhsdS3 derivative of ANM1048 N. E. Murray 
NM1267 AhsdM VIII from NM474 N. E. Murray 
NM1299 Abio7.20 ninL63 imm434 j80 N. E. Murray 
NM1300 ABamI0 imm 434 ralA /isdMA"S J. E. Kelleher 
N1M1305 ThsdRA4MS 	ralf c1857 J. E. Kelleher 
WL263 ThsdMS 	ari c1857 Loenen et al. (1987) 
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Table 2.2 Phage Strains (continued) 
Strain 	Relevant Features 
Number 
A629-2 	ThSdMB genes in ANM 1039 
AhsdM5p 	AhsdMsp genes in ANM1149 
ANM1183 AhsdSB genes in 1NM762 
AhSdMSB 	A/1SdMSB genes in ANM1149 
M13 mp18b  vector for DNA sequencing 
M13 mpl9C  vector for DNA sequencing 
Reference/Source 
Gough & Murray (1983) 
A. J. B. Campbell 
Fuller-Pace et al.(1984) 
A. J. B. Campbell 
Yanish-Perron et al. (1985) 
Yanish-Perron et al. (1985) 
aM*A is the hsdM deletion generated by BamHI restriction 




Table 2.3 	Plasmids 
Plasmid 	Relevant features 	 Reference/Source 
pral3 	4.2Kb (bio214ral) BamHI 	 Loenen & Murray 
fragment in pCQV2(-) orientation 	(1986) 
pra15 	4.2Kb (bio2l4ral) BamHI 
fragment in pCQV2( +) orientation 
pBg3 	8.3Kb (/dRM) BglII fragment 
in pBR322 
pAT153 	Co1E1 replicon carrying Amp?,Tc ? 
and multiple cloning sites  
Loenen & Murray 
(1986) 
Sain & Murray 
(1980) 
Twigg & Sherratt 
(1980) 
pJK2 	6.1Kb (hsdR) HindIII/SmaI fragment J.E.Kelleher 
from pBg3 iAT153 
cR 
Acrylamide and bis-acrylamide were supplied by BDH Ltd; TEMED was 
from Sigma; standard agarose from Miles Laboratory Ltd; low melting point 
agarose, ethidium bromide and bromophenol blue from Sigma. 
Ampicillin (Penbritin) was purchased from Beecham Pharmaceuticals, 
vitamin B1 , DTF, 2-mercaptoethanol and IPTG were all from Sigma; X-gal was 
from Boehringer. 
Nitrocellulose filters were purchased from Schleicher and Schuell; HP5 
film from Ilford; Cronex intensifier screens and X-ray film from Du Pont Ltd. 
Standard laboratory chemicals were purchased from Sigma, BDH or 
Fisons. 
2.3 MEDIA 
L-Broth: Difco Bacto tiyptone (lOg), Difco Bacto yeast extract (5g), NaCl (5g), 
distilled H 2O to 1 litre; adjusted to pH7.2 with NaOH before autoclaving. 
L-Agar: Difco Bacto tryptone (lOg), Difco Bacto yeast extract (5g), NaCl (5g), 
Difco agar (15g), distilled H 2O to 1 litre; adjusted to pH7.2 with NaOH before 
autoclaving. 
BBL-Agar: Baltimore Biological Labs. trypticase (lOg), NaCl (5g), Difco agar 
(lOg), distilled H 2O to 1 litre. 
BBL Top Agar: as for BBL agar but only 6.5g Difco agar added per litre. 
Minimal Agar: Difco agar (4g), distilled H 70 to 300m1. After autoclaving the 
following sterile solutions were added: 5x spizizen salts (80m1), glucose(4m1, 20% 
w/v), vitamin B1 (O.lml, 2mg m1). 
2x TY Broth: NaCl (lOg), Dilco Bacto yeast extract (lOg), Difco Bacto tryptone 
(16g), distilled H 70 to 1 litre. 
5x Spizizen Salts: (NH4)
2
SO4 (lOg), K2HPO4 (70g), KH,PO4  (30g), tn-sodium 
citrate dihydrate (30g), MgSO4.7H 10 (ig); distilled H 20 to 1 litre. 
Phage Buffer: KH,PO 4 (3g), Na 2HPO4 (7g), NaCl (5g), MgSO4 .71H 2O (lOmi, 
0.1M), CaCl (lOmi, 0.01M), gelatin (imI, 1% w/v); distilled H 2O to 1 litre. 
Antibiotics: Ampicillin was used at a concentration of 100/hg m1 1 , from a 10mg 
m1 1 sterile stock solution. When used in plates, the antibiotic was added to 
molten agar immediately prior to pouring. 
X-gal Indicator plates: X-gal (20/hi, 20mg mf 1 ), IPTO (20/hl, 20mg m1 1 ), per 
2.5m1 of BBL top agar. 
All media were sterilised by autoclaving (151b in -2, 15 minutes). 
2-4 STANDARD SOLUTIONS 
TE Buffer: Tris (10mM), EDTA (1mM) adjusted to appropriate pH with HCl 
20x SSC: NaCI(3M), tn-sodium citrate (03M). 
lOx TBE Buffer: Tris (890mM), boric acid (890mM), EDTA (25mM). 
Ethidium Bromide: 10mg ml-1 in distilled H 2O. Stored at 4°C, protected from 
light. 
Non-Solubilising Scintillation Fluid: butyl-PBD (4g) made up to 1 litre in 
toluene. 
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2.5 MICROBIAL TECHNIQUES 
A Long Term Storage of Bacterial Cells 
A single colony of the appropriate strain was picked into L-broth (5ml) 
and incubated with aeration overnight at the required temperature. 0.8m1 of the 
overnight culture was added to sterile glycerol (0.15m1) in a screw top 
polypropylene tube and stored at -20°C. 
B Preparation of Plating Cells 
A fresh overnight culture was diluted 20-fold in L-broth and grown at 
the required temperature to mid-logarithmic phase. The cells were pelleted by 
spinning in a bench centrifuge (3,000g, 5 minutes), and resuspended in half the 
original volume of MgSO4 (10mM) before storage at 4°C. 
C Preparation of Competent Cells 
Cells were normally made competent for the uptake of DNA using a 
modification of the procedure of Mandel and Higa (1970). A fresh overnight 
culture was diluted 50-fold and grown with aeration at 37°C to O.D 650 of 0.7. 
The cells were harvested (3,000g, 5 minutes) at 4°C and resuspended in an equal 
volume of cold MgCl, (100mM). The cells were spun again as previously 
described, and resuspended in half the original volume of cold MgCl, (100mM). 
After pelleting for a third time, the cells were resuspended in a tenth the 
original volume of cold CaCl, (100mM). 
D Preparation of A Phage; Plate Lysates 
A single plaque was picked into phage buffer (lml) containing a drop of 
chloroform and vortexed. After addition of 0. lml of the phage suspension to 
0.2m1 of fresh plating cells, the phage were left to adsorb to the cells for 15 
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minutes. BBL top agar (3m1) was added and the mixture poured onto a fresh 
L-agar plate. The plate was incubated (without inversion) at the required 
temperature until confluent lysis was observed, typically after 6-8 hours. L-broth 
(5ml) was added to the plate before storage at 4°C overnight. The L-broth was 
decanted, a drop of chloroform added and the mixture vortexed. Cell debris 
was pelleted by centrifugation in a bench centrifuge (3,000g, 10 minutes) before 
the phage stock was titrated and stored at 4°C. 
E Phage Titration 
Serial dilutions of the phage stock were prepared using phage buffer. 
0.1ml of each diluted phage stock was then mixed with 0.2ml of plating cells 
and left to adsorb for 15 minutes. The mixture was plated out in BBL top agar 
(3ml) onto BBL plates and incubated overnight at the required temperature. 
Plaque numbers were counted in order to calculate the pfu per lml of phage 
lysate. 
F Spot Tests 
0.2m1 of plating cells were added to BBL top agar (3m!) and the mixture 
was poured onto a BBL plate. Aliquots (10p,1) of the phage dilutions were 
spotted onto the bacterial lawn, and the spots were allowed to dry before 
incubation at the required temperature overnight. 
G Preparation of A Phage; Liquid Lysates 
A fresh overnight culture of the host bacterium was diluted 50-fold into 
L-broth (lOOmi) supplemented with MgSO 4 (10mM), and grown at 37°C with 
good aeration until it reached an O.D 650 of 0.5 (ie. 2x108 cells m1 1 ). Phage 
were added to a moi of 0.2, and incubation at 37°C was continued. The 
turbidity of the culture was periodically measured at 650nm until lysis occurred, 
usually 3-4 hours later. Chloroform (0.2ml) was added and the flask was shaken 
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at 37°C for a further 15 minutes. The lysate was clarified by centrifugation 
(4,000g, 5 minutes), and the supernatant was titrated. 
H Construction of A Lysogens and Dilysogens 
Fresh plating cells were infected with the appropriate phage (or phage 
and heteroimmune helper phage) at a moi of 5, and left for 15 minutes for 
adsorption to occur. The cells were diluted 50-fold in L-broth and grown for 
2-3 hours at the appropriate temperature. Cells in the resulting culture were 
pelleted by centrifugation (3,000g, 5 minutes), and resuspended in the same 
volume of L-broth. The cell suspension was serially diluted in L-broth and 
spread onto L-agar plates seeded with approximately 10 9 pfu of each of two 
homoimmune Cf phages of different host ranges. Colonies which grew during 
overnight incubation were purified and tested for lysogeny (ie. sensitivity to AV, 
but not to homoimmune Acf) 
I Curing and Induction of Temperature Sensitive A Lysogens 
Lysogens of A phage which encode a temperature sensitive repressor 
(Ac1857) may be cured or induced at 42°C when the phage repressor protein 
(ci) is inactivated. To cure, an overnight culture of the lysogenic strain was 
streaked onto an L-agar plate, and incubated at 42°C overnight. Single colonies 
were purified at 37°C and tested for sensitivity to infecting Acf. To Induce, an 
overnight culture of the lysogenic strain was diluted 50-fold in L-broth and 
grown at 30°C with good aeration to an O.D 650 of 0.5. The culture was then 
transferred to a 42°C water bath and incubated with vigorous aeration for 15 
minutes before again being transferred to 37°C and grown for 30 minutes with 
good aeration. Chloroform (2ml 11) was then added, and the culture shaken, 
then left to stand at room temperature for 10 minutes. The lysate was clarified 
by centrifugation (3,000g, 5 minutes), then titrated. 
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J Phage Crosses 
Freshly prepared plating cells were coinfected at a moi of 5 with each of 
the 2 parental phages. Alter 15 minutes adsorption at room temperature, the 
infected cells were diluted 100-fold into pre-warmed L-broth, and grown at 37°C 
with aeration for 1.5 hours. Chloroform was added and, after centrifugation to 
remove cell debris and chloroform, the supernatant was titrated on a permissive 
host to assay total progeny, and on a selective host for the required 
recombinant. Recombinant single plaques were picked, purified and tested as 
appropriate. 
K Preparation of CsC1 Purified Phage 
Phage were precipitated from a A liquid lysate (lOOmi) using polyethylene 
glycol (PEG) essentially as described by Yamamoto et al., (1970); sodium 
chloride (4% w/v) was added to the lysate followed by DNase I (1pg m1 1 ) and 
RNase A (1pg ml-1 ). After standing at room temperature for 1 hour, PEG 6000 
(lOg) was added and allowed to dissolve. The lysate was left at 4°C overnight. 
The PEG precipitate was recovered by centrifugation (16,000g, 10 minutes), and 
resuspended in phage buffer (lOmi) by swirling gently at 4°C for 2-3 hours. 
Debris was removed by centrifugation (4,000g, 5 minutes), before concentrating 
the phage on a CsC1 step gradient. 
Step gradients of CsC1 (Thomas and Abelson, 1966) were prepared in 
14m1 polycarbonate tubes; CsC1 solution (1.5m1, 31% w/w) was pipetted into the 
tube and underlaid with a second CsC1 solution (imi, 45% w/w) using a long 
pasteur pipette. Finally these two CsC1 steps were underlaid with a third CsCl 
solution (imi, 56% w/w) (the CsC1 solutions were made using phage buffer and 
clarified, if necessary, in a bench centrifuge). The phage solution was carefully 
overlaid on to the gradient and centrifuged (140,000g, 2 hours) at 20°C. The 
phage band was collected by piercing the tube using a 21 gauge needle and a 
syringe. The resulting high titre lysate was dialysed overnight at 4°C against 
phage buffer to remove the CsC1, and was stored at 4°C. 
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L Single Round Infections of E.coli Cells by A Phage 
Plating cells of the appropriate E.coli strain were prepared and samples 
(0.2ml) were infected with phage at a moi of 1. The cultures were incubated 
at the required temperature for 15 minutes to allow phage adsorption, and were 
then diluted 100-fold with prewarmed L-broth, and grown at the same 
temperature with good aeration for 70 minutes to complete one cycle of growth. 
Chloroform (40l) was then added, the lysates clarified by centrifugation (3,000g, 
5 minutes) and then titrated. 
M Modification Enhancement Test of pral Plasmids 
Cells were grown at 30°C until mid-logarithmic phase in L-broth 
supplemented with MgSO4 (10mM) and ampicillin (50p.g ml -1 ). Samples (0.2m1) 
were infected with unmodified phage at a moi of 1, and incubated at 30°C or 
42°C to allow phage adsorption. The cells were then diluted 100-fold in pre-
warmed L-broth supplemented with ampicillin (50g ml -1 ) and grown for 70 
minutes at the required temperature to complete one cycle of growth. 
Chloroform (40/hl) was then added and the lysates clarified by centrifugation 
(3,000g, 5 minutes). The proportion of progeny phage that were modified was 
estimated from the eop of the phage on a K-restricting strain, relative to that 
on a non-restricting strain. 
2-6 DNA TECHNIQUES 
A Precipitation of DNA with Ethanol and Sodium Acetate 
DNA in solution was precipitated by the addition of 0.lx volume of 
sodium acetate (3M, pH 5.0) and 2.5x - volume of ethanol. Following incubation 
at -70°C for 30 minutes, the precipitate was sedimented by centrifugation 
(11,600g, 10 minutes), the pellet washed with ethanol (70% v/v), dried under 
vacuum and resuspended in the required volume of TE buffer (pH 8.0). 
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B Preparation of DNA from Phages 
High titre lysates of CsCI purified phage were prepared as described in 
section 2.5K, except that CsC1 was removed from the phage by dialysis against 
TE buffer (pH 8.0). The phage protein was extracted three times using an 
equal volume of phenol (pre-equilibrated with TE); the phenol and aqueous 
layers were mixed gently by tube inversion, and then separated by centrifugation 
(11,600g, 5 minutes). The lower phenol phase was removed and discarded after 
each extraction. The aqueous phase following phenol extraction was dialysed 
against TE at 4°C for 24 hours with several buffer changes, to remove phenol 
from the solution. The concentration of the DNA was determined by measuring 
the O.D. at 260nm (an O.D ,)60  of 1 is equivalent to 50kg m1 1 DNA).. 
C Large Scale Preparation of Plasmid DNA 
This method is based upon that of Clewell and Helinski (1969). A fresh 
overnight culture of the plasmid containing cells was diluted 100-fold into L-
broth (150m1) supplemented with ampicillin (50/hg ml -1 ), and grown overnight 
at 37°C with aeration. The cells were harvested by centrifugation (4,000g, 10 
minutes), and resuspended in lysis solution (7m1) on ice for 5 minutes. Alkaline 
SDS (14m1) was then added, and incubation on ice continued for a further 10 
minutes. After addition of potassium acetate ( 10.5m1, 3M, pH 4.8), and a 
further 5 minutes incubation on ice, the precipitated protein, dodecyl sulphate 
and chromosomal DNA was removed by centrifugation (16,300g, 10 minutes) at 
4°C. Any remaining precipitate was removed from the supernatant by filtration 
through glass wool. Plasmid DNA was precipitated by the addition of 
isopropanol (15m1), and pelleted by centrifugation (16,300g, 10 minutes). The 
pellet was washed with ethanol (70% v/v), and dried under vacuum. The DNA 
was resuspended in TE buffer (9.4m1, pH 8.0), and CsC1 (0.95g m1 1 ) and 
ethidium bromide (0.6mg m1 1 ) were added (the final density of the solution 
should be 1.55g ml-1 ). 
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The CsCI solution was transferred to a "quick seal" lOml polyallomer 
tube, and centrifuged (90,000g, 36-60 hours) at 18°C. Two bands were visible 
under UV light; an upper band consisting of ss nicked and linearised plasmid 
DNA, and a lower band consisting of supercoiled plasmid DNA. The lower 
band was removed using a 21 gauge hypodermic needle inserted through the 
side of the tube. Ethjdjum bromide was removed from the solution by 
extracting 4 times with isopropanol (saturated with NaCl-saturated TE). Two 
volumes of water were added to the (lower) aqueous phase before the DNA 
was precipitated with ethanol (without addition of sodium acetate). The 
resulting DNA pellet was resuspended in TE buffer (5001.Ll, pH 8.0) and any 
residual protein was extracted twice with phenol (pre-equilibrated with TE). 
The DNA in the aqueous phase was precipitated with ethanol and sodium 
acetate and resuspended in TE buffer (5001iJ, pH 8.0). The concentration of 
DNA was determined by measuring the O.D. at 260nm. 
Lysis Solution: Tris-HC1 (25mM, pH 8.0), EDTA (10mM, pH 8.0), glucose (1% 
w/v). 
Alkaline SDS: NaOH (0.2M), SDS (1% w/v). 
D Rapid Large Scale Preparation of Plasmid DNA 
A fresh overnight culture of the plasmid carrying strain was diluted 100-
fold in L-broth (50m1) supplemented with the appropriate antibiotic, and grown 
overnight at 37°C with aeration. The cells were pelleted by centrifugation 
(3,000g, 5 minutes, resuspended in lysis solution (3.5ml) and incubated on ice. 
Lysozyme (8mg, dissolved in 0.5ml lysis solution) was added to the cell 
suspension, and the mixture left on ice for 20 minutes. Freshly prepared 
alkaline SDS solution (8ml) was then added and the incubation on ice continued 
for a further 10 minutes. Sodium acetate (Sml, 3M, pH 5.0) was then added 
and the mixture was gently stirred before incubation on ice for 10 minutes. 
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Precipitated protein and chromosomal DNA was removed from the suspension 
by centrifugation (12,000g, 15 minutes) at 4°C. The supernatant was decanted 
and remaining protein was extracted from it using an equal volume of 
phenol/chloroform (1:1). The DNA in solution was precipitated with ethanol 
and sodium acetate, and the resulting pellet resuspended in TE buffer (500tl, 
pH 8.0). RNase A (5pJ, 10mg ml-1 ) was then added and the mixture incubated 
at 37°C for 20 minutes. Protein was then repeatedly extracted from the solution 
using an equal volume of phenol/chloroform (1:1), until the interface between 
the phenol and aqueous phases in the extraction appeared clean. Following 
precipitation of the plasmid DNA in the aqueous solution with ethanol and 
sodium acetate, the pellet was resuspended in TE buffer (500pJ, pH 8.0). 
E Alkaline Lysis Plasmid Miniprep 
An adaptation of the method of Birnboim and Doly (1979) was used. 
1.5m1 of an overnight culture of the plasmid carrying strain was transferred to 
a microcentrifuge tube and centrifuged (11,600g, 5 minutes). The cell pellet was 
resuspended in lysis solution (100d) and incubated at room temperature for 15 
minutes. Alkaline SDS (200/.Ll) was then added, the solution was mixed by 
gentle inversion and kept on ice for 5 minutes. Chromosomal DNA was then 
removed by precipitation with sodium acetate (1501J, 3M, pH 5.0) on ice for 30 
minutes. The precipitate was pelleted by centrifugation (11,600g, 15 minutes). 
The supernatant was then transferred to a fresh microcentrifuge tube and spun 
for a further 10 minutes. To the supernatant was added 2.5x volume of 
- absolute ethanol (-20°C). The mixture was vortexed and kept at -70°C for 30 
minutes, precipitated DNA was pelleted by centrifugation, washed with ethanol 
(70% v/v), dried under vacuum and resuspended in TE buffer (20tl, pH 8.0). 
F Preparation of M13 Replicative Form (RF) DNA 
Early log-phase cells (NM522) were prepared by diluting a fresh overnight 
culture 100-fold in L-broth and growing at 37°C with aeration to an O.D 650 of 
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0.2. A single M13 plaque was picked into 1.5 ml of cells and the culture was 
shaken at 37°C for 6-8 hours. The culture was transferred to an eppendorf tube 
and centrifuged (11,600g, 5 minutes) to pellet the cells. The titred lysate 
(approximately 1011 pfu ml 1)  was used to infect a culture (50m1) of early log-
phase cells (NM522) at a final concentration of 10 9 pfu ml-1 . The culture was 
grown at 37°C with aeration overnight, before the cells were pelleted by 
centrifugation (3,000g, 5 minutes), and the titre of the supernatant was 
estimated. 
A culture (500m1) of late log-phase cells (NM522) was infected with 
phage (approximately 1& 1 pfu ml-1 ) and the culture grown for 2 hours at 37°C 
with aeration. The cells were pelleted by centrifugation (4,000g, 5 minutes) and 
the RF DNA was prepared as described for the preparation of plasmid DNA 
(section 2.6D). 
G Restriction Endonuclease Digestion of DNA 
Digestion of DNA with restriction endonucleases was normally carried out 
in a volume of 104a1 containing 0.2-0.5 Ag of DNA, under conditions 
recommended by the suppliers. Reactions were terminated after incubation at 
23°C or 37°C for 2 hours, by heat inactivation (70°C for 10 minutes) or by 
phenol extraction if the enzyme was not heat-labile. 
H Ugation of DNA 
DNA was ligated using T4 DNA ligase, in a solution containing Tris-HC1 
(50mM, pH 7.5), MgCl, (10mM), spermidine (0.2mM), DTT (10mM), ATP 
(1mM), DNA (25-150ng) and T4 DNA ligase (1-2 Weiss units). Incubation was 
at 16°C overnight, or at 23°C for 1 hour, and the reaction was terminated by 
incubation at 70°C for 10 minutes. 
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I Agarose Gel Electrophoresis 
Electrophoresis through horizontal submerged agarose gels was used for 
both analysis and purification of DNA. Standard agarose was used for analytical 
gels and low melting-point agarose was used for preparative gels 
Agarose gels: agarose (0.7% to 1.0% w/v), lx TBE, ethidium bromide (0.5 j.z.g 
ml-1 ). Gels were run in lx TBE electrophoresis buffer. 
Samples (typically 0.2-0.5.tg) were loaded with Ficoll loading dye (3pJ, 
5x). Electrophoresis was carried out at 10V cm -1 . DNA was visualised by 
illumination with long-wave U.V. light. 
Ficoll loading dye: Ficoll 400 (20% w/v) in H 70, with bromophenol blue dye. 
K DNA Fragment Purification from Low Melting-Point Agarose Gels 
The DNA band was cut from the low melting-point agarose gel with the 
minimal volume of agarose, and added to an equal volume of lx TBE, NaCl 
(0.2M). The agarose was melted by heating in a 65°C water bath. Two phenol 
extractions with redistilled phenol equilibrated with lx TBE, NaCl (O.1M) were 
performed. The aqueous layer was extracted with 4x volume of butanol 
repeatedly, until the volume of the aqueous layer was reduced to approximately 
0.4ml. DNA was precipitated with ethanol and sodium acetate, the pellet was 
resuspended in sodium acetate (lOOj.tl, 3M, pH 5.0) and absolute ethanol (2501.1) 
was added to precipitate the DNA a second time. The DNA pellet was washed 
twice with ethanol (70% v/v), dried and resuspended in H 70. DNA solutions 
were stored at -20°C. 
L Transfection and Transformation of Competent Cells 
DNA was diluted in TE, and added to competent cells (200d) in a 5m1 
glass tube. After 10-30 minutes on ice, the cells were "heat-shocked" (42°C, 90 
LJ 
seconds): For transfection the cells were then plated on BBL plates in BBL top 
agar (2.5m1) and incubated at 37°C overnight. Transformation of competent cells 
with plasmid DNA, required that L-broth (imi) was added to the tube following 
heat-shock, and the culture incubated at 37°C for 1 hour to allow expression of 
the plasmid encoded antibiotic resistance. Aliquots (lOpd and 100iJ) were 
spread on L-agar plates containing the appropriate antibiotic, and incubated at 
37°C overnight. A typical transfection frequency observed was 10 5 pfu/jg DNA. 
M In vitro packaging of A DNA 
In vitro packaging mixes, namely Freeze Thaw Lysate (FTL) and 
Sonicated Extract (SE) were donated by Annette Campbell. The packaging 
reaction mixture was prepared by adding the following in the order listed: 
Buffer A 
DNA 	 0.5-1.0pg (in up to 10i.4) 
Buffer Ml 	lp.l 
SE 	 6jd 
FTL 	 1OpJ 
The reaction was incubated at 23°C for 2 hours. Phage buffer (500pJ) was then 
added and the reaction assayed by standard titration. 
Buffer A: Tris-HC1 (201il, 1M, pH 8.0); EDTA (2.tl, 0.5M, pH 7.5); MgCl,) (3pl, 
1M); H 70 (9751hl). 
Buffer Ml: Tris-HC1 (6p,l,  0.5M, pH 7.5); putrescene /spermidine ( 300pJ, 
0.1M/5OmM); MgCl ,) (9/hl, 1M); ATP (75/h1, 0.1M); /9-mercaptoethanol (ljiJ); 
H20 (110/hi). 
N Transfer of DNA from Plaques to Nitrocellulose 
A modified version of the method described by Benton and Davies (1977) 
was used to transfer DNA from plaques to nitrocellulose filters. Phage 
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recombinants were plated in BBL top agar on dry BBL plates using a suitable 
host strain, at a density of between 200 and 500 pfu per plate. After overnight 
incubation at the appropriate temperature, the plates were kept at 4°C for an 
hour. Nitrocellulose filter discs were then laid onto the surface of the agar and 
left for one minute to allow DNA transfer. The filters were carefully peeled off 
the plates, and placed, plaque side uppermost on a pad of blotting paper 
saturated with denaturation buffer for 2 minutes. The filters were then dropped 
into a beaker containing neutralisation buffer for 3 minutes, rinsed briefly in 2x 
SSC and blotted dry before baking at 80°C under vacuum for 2 hours. 
This method was also used to transfer DNA from bacterial colonies 
harbouring recombinant plasmids to nitrocellulose filters. In this case, the 
colonies were simply transferred by toothpicking onto grids marked on L-agar 
plates supplemented with the appropriate antibiotic. After overnight incubation, 
the procedure followed was exactly as previously described. 
Denaturation Buffer: NaOH (0.5M), NaCl (1.5M). 
Neutralisation Buffer: Tris-HC1 (0.5M, pH 7.4), NaCl (3M). 
0 Radiolabelling of Double-Stranded Probes by Nick Translation and 
Hybridisation to Filters 
The procedure used for nick translation was based on the methods 
described by Maniatis et al., (1975) and Rigby et al., (1977). 
Deoxycytidine 5' -[a-32P] triphosphate (10/hCi) was added to dNTP buffer 
(201, lx), DNase I (lp.l, 2x 105 mg m1 1 ), DNA polymerase I (11.4 1 unit I 1 ) 
and DNA (0.5-1.0kg in 2pJ). The mixture was incubated at 15°C for 2 hours, 
and then the reaction was terminated by the addition of EDTA (100/hi 10mM, 
pH 8.0) and loaded onto a column of Sephadex G-50 equilibrated with TE 
buffer. The DNA was eluted from the column with TE and collected as the 
first peak of radiolabel (detected using a mini-monitor) in a volume of 0.5-1.0ml. 
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A sample (1/ii) was spotted onto a Whatman GF/C disc, dried, and the activity 
was counted in a non-solubilising scintillant to determine the amount of label 
incorporated. 
Nitrocellulose filters were prehybridised in hybridisation buffer (50m1) for 
30 minutes at 37°C. The radiolabelled DNA (106  cpm for up to 10 filters) was 
added to sonicated calf thymus DNA (250/hg), denatured in a boiling water bath 
for 10 minutes, and immediately cooled on ice to prevent renaturation. The 
probe was added to the filters contained in a sealed polythene bag in 
hybridisation buffer (10-20ml), and the hybridisation was carried out at 37°C 
overnight with gentle aeration. The filters were washed twice in 2x SSC, SDS 
(0.1% w/v) for 30 minutes at 37°C and then twice in lx SSC, SDS (0.1%, w/v) 
for 30 minutes at room temperature. Finally the filters were thoroughly rinsed 
in lx SSC, blotted dry and placed between two sheets of plastic film. 
Hybridisation of the probe to the filters was detected by autoradiography at - 
70°C using pre-flashed Cronex X-ray film, and intensifying screens. 
Nick Translation Buffer: Tris-HC1 (210mM, pH 7.5), MgCI, (21mM), BSA (20 
g ml); stored in aliquots at -20°C. 
lx dNTP Buffer: nick translation buffer (250/hl), dATP/dTTP/dGTP (10/hi, 
2mM), 2-mercaptoethanol (25/hl), distilled H 2O (737/hi); stored at -20°C in 250/hi 
aliquots. 
20x Denhardt's Solution: polyvinylpyrolidoñe (0.4% w/v), Ficoll 400 (0.4% wlv), 
BSA (0.4% w/v). 
Hybridisation buffer: formamide (50% v/v), 4x SSC, lx Denhardt's solution. 
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2.7 DIDEOXY CHAIN TERMINATION SEQUENCING OF DNA 
(Sanger et al., 1977 and 1980) 
A Preparation of Single-Stranded DNA Templates from M13 Lysates 
A fresh exponential culture of host cells (NM522) was diluted 100-fold 
in 2x 1'Y medium (1.5m1) and infected with a purified M13 plaque. The culture 
was incubated at 37°C with vigorous aeration for 5-8 hours, and then transferred 
to an eppendorl tube and clarified by centrifugation (11,600g, 5 minutes). The 
phage containing supernatant was carefully transferred to a fresh tube, and 
PEG/NaC1 solution (200pJ) was added. After overnight incubation at 4°C, the 
precipitated phage were pelleted by centrifugation (11,600g, 10 minutes). The 
supernatant fluid was carefully removed with a fine pasteur pipette, and the 
inside of the eppendorf tube was wiped. It was important to remove as much 
PEG as possible at this stage. The phage pellet was resuspended in TE buffer 
(100J.Ll, pH 8.0), and extracted with an equal volume of TE-equilibrated phenol. 
The top aqueous layer was then removed to a clean tube and the DNA 
precipitated with ethanol and sodium acetate, resuspended in TE buffer (501i, 
pH 8.0) and stored at -20°C. 
PEG/NaC1 solution: PEG 6000 (20% w/v), NaCl (2.5M). 
B Annealing an Oligonucleotide Primer to Template DNA 
For each of four sequencing lanes a single annealing reaction was used. 
In a microcentrifuge tube the following were combined: 
Primer (17-mer) 	lj.tl (0.2 pmol) 
TM Buffer 	 1/Li 
DNA 	 8/Ll (approx 1-Zug) 
The capped tube was incubated at 60°C for one hour and then allowed 
to cool at room temperature. 
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TM Buffer: Tris (100mM), MgCl, (50mM); adjusted to pH 8.5 with HC1. 
C Dideoxy Chain Termination Sequencing Reactions with Kienow Enzyme 
The annealed template:primer (2j.tl) was, dispensed into each of 4 wells 
of a microtitre plate. The appropriate termination mix (2j.i.l) was added to each 
well, and finally Klenow polymerase mix (4i1) was added (see table 2.4). 
Table 2.4 Composition of Dideoxynucleotide Sequencing Reactions 
COMPONENTS 1 C G A 
Template/Primer 2 2 2 2 
Tmix 2.- - - 
Cmix - 	 . 2 - - 
Gmix - - 2 - 
Amix - - - 2 
Klenow mix 2 2 2 2 
a Quantities of components are given in Al. 
A Hamilton repetitive dispenser was used to dispense all the reagents 
used in the sequencing reaction. The 2j.d aliquots were placed on the sides of 
the wells near the bottom. This allowed all the reactions to be started 
simultaneously by tapping ti microtitre plate on the bench. After 30 minutes 
incubation at room temperature sequencing chase mix (2j.L.1) was added to each 
well and the chasing reaction begun. Incubation was at room temperature for 
20 minutes. The reactions were stored at -20°C until required. Before loading 
on to a sequencing gel, formamide dyes (2j.i.l) were added to each sample and 
the microtitre plate was floated for 15 minutes on the surface of H 20 heated 
to 80°C in a water bath to allow denaturation of double stranded DNA. 
Approximately 2.l of each sample was loaded onto the sequencing gel. 
In order to reduce secondary structures (particularly in GC-rich regions) 
in regions of sequence which proved difficult to read, inosine triphosphate was 
substituted for dGTP in all the dideoxy mixes (Mills and Kramer, 1979). 
Chain Termination Mixes: see table 2.5 
Klenow Polymerase Mix (per clone): [a- 35S]dATP (4Ci), Kienow polymerase 
(1.5 units), Tris-HC1 (10mM, pH 8.5), DTT (10mM); made up to 9/hi with 
distilled H 2O. The appropriate quantity of mix was made up before dispensing 
into reactions. 
Chase Mix: dTTP (0.25mM), dGTP (0.25mM), dCTP (0.25mM), dATP 
(0.25mM); made up in distilled H 2O from 50mM stock solutions. 
Formamide Dyes: deionised formamide (100m1), EDTA (2m1, 0.5M), xylene 
cyanol FF (0.1g), bromophenol blue (0.1g). Formamide was deionised by 
stirring with Amberlite MB-1 resin (2g), and filtered before storage. 
Table 2.5 Composition of Dideoxynucleotide Chain Termination Reaction Mixes 
for Sequencing with KJenow Enzyme 
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a Quantities of components are given in jil 
b The chain termination mixes were stored at -20°C in 100/hi aliquots 
c In the case of inosine reactions, 0.5mM dITP was substituted for dGTP 
C Dideoxy Chain Termination Sequencing Reactions with Sequenase enzyme 
Labelling Reaction 
For standard reactions (reading sequences up to approximately 500 bases 
from the primer) the labelling mix was diluted 5-fold with distilled H 20. For 
extended reactions the labelling mix was used undiluted. Sequenase enzyme 
(Tabor and Richardson, 1987) was diluted 8-fold in ice cold TE buffer. To the 
annealed template/primer the following were then added: 
Template/primer 	10/hl 
100mM D1T 	1/hi 
Labelling mix 	2/hi 
[a-35S]dATP 	0.5/1l 
Diluted Sequenase 	2/hi 
The mixture was thoroughly mixed and incubated for 5 minutes at room 
temperature. 
Termination Reaction 
Four eppendorf tubes were labelled 0, A, T and C, and into the 
appropriate tube was dispensed 2.51l of termination mix (ie 2.51.1J of 0 
termination mix to the tube labelled G, etc.). The tubes were capped and 
prewarmed to 37°C in a water bath for 1 minute. When the labelling reaction 
was complete, 3.51A was removed and transferred to each of the four tubes with 
the termination mixes. The reactions were centrifuged briefly to mix and 
incubated at 37°C in a water bath for 5 minutes. Formamide dyes (4/hl) were 
then added to each of the four tubes and these reactions were stored at -20°C 
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until required. Before loading, the samples were incubated in a bath of boiling 
water for 5 minutes. 
Labelling Mix (5x): dCTP (7.5mM), dGTP (7.5mM), dTFP (7.5mM). 
Termination Mixes: see table 2.6 
Table 2.6 Termination Mixes for Dideoxy Chain Termination Sequencing 
Reactions using Sequenase Enzyme. 
COMPONENTS'2 T mix C mix G mix A mix 
0.5mM dTTP 32 32 32 32 
0.5mM dCTP 32 32 32 32 
0.5mM dGTP 32 32 32 32 
0.5mM dAl'P 32 32 32 32 
Distilled H 2O 52 52 52 52 
0,5M NaCl 20 20 20 20 
1mM ddYFP 1.6 - - - 
1mM ddCTP - 1.6 - - 
1mM ddGTP - - 1.6 - 
1mM ddATP - - - 1.6 
a Quantities of components are given in p.! 
E DNA Sequencing Gels 
Gels were poured between 20 x 40cm glass plates. The plates were 
carefully cleaned with ethanol before the notched plate was siliconised. Plates 
were taped together using Sellotape thermosetting tape, and separated by 0.4mm 
Plastikard spacers. A crude buffer gradient gel (Biggin et al., 1983) allowed at 
least 250 bases to be read from a clone. For each gel 7m1 of 2.5x TBE gel mix 
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(to which was added ammonium persulphate solution (AMPS) (14/Ll 25% w/v), 
and TEMED (7pd) ), and 40m1 of 0.5x TBE gel mix (to which was added AMPS 
(70p,l, 25% w/v) and TEMED (35il)) were prepared. Using a lOmi pipette, 4m1 
of 0.5x TBE gel mix and 6m1 of 2.5x TBE gel mix were taken up; air bubbles 
were drawn through the pipette to create a gradient. This was poured between 
the clamped plates; The remaining 0.5x TBE gel mix was used to fill the space 
left as the plates were gradually lowered to the horizontal. Plastikard 
sharkstooth combs (Bethesda Research Laboratories) were used to form loading 
wells. 
Samples were loaded using a flat-ended Gilson pipette tip. The gel was 
run at 25W in lx TBE buffer for approximately 2.5 hours - until the 
bromophenol blue dye was within 3cm of the bottom of the gel. The notched 
plate was carefully prised off and the gel was fixed in a solution of 10% 
methanol, 10% acetic acid. It was then drained, transferred to damp blotting 
paper and covered with Saranwrap plastic film. The gel was dried on a vacuum 
drier at 80°C before the Saranwrap was removed and the gel placed in direct 
contact with X-ray film overnight at room temperature. 
40% Acrylamide Solution: acrylamide (38g), N,N' -methylene bisacrylamide (2g); 
made up to lOOmi in distilled H 2O and deionised by stirring with Amberlite MB-
1 resin (5g); filtered before storage at 4°C protected from light. 
0.5x TBE Gel Mix: urea (92g), 40% acrylamide solution (30m1), lOx TBE 
(lOmi); made up to 200m1 in distilled H 2O and stored at 4°C protected from 
light. 
2.5x TBE Gel Mix: urea (46g), 40% acrylamide solution (15m1), lOx TBE 
(25ml), sucrose (5g), bromophenol blue (5mg); made up to lOOml in distilled 
H70 and stored at 4°C protected from light. 
F Computer Analysis of Sequence Data 
A VAX/VMS computer (Digital Equipment Corporation) was used for 
compilation and analysis of the DNA sequences. DBAUTO (Staden, 1982) was 
used to compile the sequence database, which was edited using the general 
database handling program DBUTIL (Staden, 1982). 
Interpretation and analysis of sequence data was effected by use of the 
University of Wisconsin Genetics Computer Group (UWGCG) programs 
(Devereux et al., 1984): MAP produced the amino acid sequences of all the 
reading frames and indicated target sites for restriction enzymes within the 
nucleotide sequence; protein and nucleotide sequences were matched using 
GAP, and aligned using PRETTY. 
2.8 CONSTRUCT'S 
A Construction of the Plasmid, pJK2 
The plasmid pBg3 includes the 8.3kb BglII restriction fragment from 
hsdK., cloned in pBR322 (Sain and Murray, 1980). This plasmid encodes hsdR 
and M (figure 2.1). In order to construct a plasmid that encoded just the hsdR 
gene of E.coli K-12, the 6.0kb HindIII/SmaI fragment purified from a restriction 
digest of pBg3 DNA was cloned in HindIII/EcoRV digested pAT 153 (figure 2.1). 
Restriction fragments generated using SmaI and EcoRV could be ligated to each 
other since these endonucleases both generate blunt-ended DNA fragments. 
B Construction of the Phage, ANM1305 
The central EcoRI fragment of ANM1119 is derived from the host 
specificity region of E.coli K-12; it encodes hsdM and S in the presence of an 
hsdR gene deletion (4) (Sain and Murray, 1980). The c1857 rat replacement 
vector ANM1249 has a central fragment that includes the phage recombination 
Figure 2.1 
Plasmid sub-clones of the hsdK region. The upper line shows a restriction map of the 
plasmid pBg3 linearised by HindIII digestion; target sites for restriction endonucleases 
are marked: B, BamHI; R, EcoRI; H, HindIII; Bg, BglII; S, Smal; RV, EcoRV. The 
BglII fragment sub-cloned from hsdK in pBR322 is illustrated; non-coding sequence is 
represented by a solid line 'hile open boxes illustrate the hsdR and M genes with 
arrowheads to indicate the direction of transcription. The lower line shows a restriction 
map of the plasmid pJK2, linearised by HindIII digestion; the HindIII/SmaI restriction 
fragment purified from pBg3 that was sub-cloned in HindIII1Ec0RV digested pAT153 
is illustrated. The open box represents the hsdR gene, transcribed in the direction 
indicated. SrocKets around the fjL IL .siteS (89) inchcoe tth& thPSP 
hQs/P 









genes red and gam. This fragment is flanked by EcoRI restriction Sites. 
Replacement of the central fragment of ANM1249 with that from ANM1119 
generated a Spi phage (ANM 1305) that was easily distinguished from either 
ANM1249 or ANM1119 through its ability to plate on the P2 lysogenic host 
strain NM647. ANM1305 is therefore a Spi hsdRM hsdMS c1857 rat phage. 
C Construction of the Phage ANM1300 
ANM 1300 was generated by a standard phage cross between the two 
parental phages 1NM1299 (h80 bio7.20 ninL63 imm 434), and ANM1065 (Barn 1° 
hik hsdM1BamHI hsdS imm 21 ). The recombinant phage ANM1300 (Barn 1°  hlt 
/zsdMilBamHl hsdS ninL63 imm 434 ) was selected by recovery on the lysogenic 
strain K802(ANM 1066). K802 is resistant to A1i 80 and therefore the parental 
phage ANM1299 will not grow on K802(ANM1066). Because the phage 
ANM1066 is imrn21 , the parental phage ANM1065 was also unable to grow on 
the lysogenic strain K802(ANM1066). The recombinant Ohage ANM1300 is hA 
imm 434 and therefore could grow on K802(ANM 1066). Since ANM 1066 is also 
Barn 1° we could be confident that ANM1300 had not recombined with the 
prophage to recover the BamHI site in its left arm. That ANM1300 only carries 
a single target site for BamHI was confirmed by digestion of the phage DNA. 
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Chapter Three 
THE NUCLEOTIDE SEQUENCES OF hsdM GENES; 




Within families of type I restriction and modification enzymes, 
complementation tests have shown that enzyme subunits are interchangeable 
(Boyer and Roulland-Dussoix, 1969; Glover, 1970; Fuller-Pace et al., 1985), and 
molecular experiments have demonstrated a high level of similarity between 
related hsdM or R genes (or gene products) (Murray et al., 1982). The S 
polypeptide dictates the specific sequence recognised by a type I enzyme (Boyer 
and Roulland-Dussoix, 1969; Glover, 1970). Comparisons of the predicted 
amino acid sequences of the S polypeptides of related type I enzymes reveal 
patterns of highly conserved and highly variable domains to which the 
polypeptides conform (see figure 1.4) (Gough and Murray, 1983; Kannan et al., 
1989). Large domains of the specificity polypeptides show no similarity between 
related enzymes specifying different recognition sequences, although they show 
sequence similarity even between unrelated enzymes which share a common 
component in their recognition sequence (Gough and Murray, 1983; Fuller-Pace 
and Murray, 1986; Cowan et al., 1989). Each of these two S polypeptide 
domains has been correlated with recognition of one of the two defined 
components of the target site, and in the case of the amino variable domain, 
this correlation has been proven (Gann et al., 1987; Cowan et al., 1989). 
Regions of the S polypeptides that show a high level of sequence similarity 
between related enzymes may fulfil a largely structural role. Not only must 
some similarity be expected in order that these polypeptides can interact with 
other conserved enzyme subunits, but the central conserved region of the 
polypeptide could also be responsible for maintaining the DNA recognition 
domains in their appropriate positions for DNA binding (Price et al., 1989). 
The common chromosomal location of the genes encoding different 
members of the K-family enzymes is compatible with a common ancestral gene 
in the chromosome of a bacterial species from which both E.coli and Salmonella 
are descended. This simple expectation is not supported however by the finding 
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that some E.coli strains have no K-related hsd genes, but instead have other 
allelic but apparently non-homologous hsd genes (Daniel et al., 1988). Analyses 
of the sequences of related hsdM genes should reveal something of the 
evolutionary relationships between different family members, whilst comparisons 
between more distantly related members of an enzyme family, may also be 
useful in understanding the level of similarity necessary in order that family 
relationships are maintained. 
Comparisons of predicted amino acid sequences between the polypeptides 
of enzymes from different families should reveal more functionally related 
constraints to sequence variation. Indeed, such comparisons have shown 
remarkable conservation of a complex DNA recognition domain between two 
otherwise dissimilar S polypeptides (Cowan et al., 1989). Further analyses have 
identified a short amino acid sequence motif which is repeated in each S 
polypeptide, and common to all, regardless of enzyme family (Kannan et al., 
1989). Inter- and intra-molecular S polypeptide sequence comparisons have 
been made, both within and between families of enzymes. These suggest that 
the repeats of a single polypeptide are no more alike than the corresponding 
motifs of S polypeptides from different families of enzymes. Whether 
conservation of this sequence is in fact necessary for function is being evaluated 
by site directed mutagenesis (Anne Daniel, personal communication). 
Although the S polypeptide dictates the recognition specificity of a type 
I enzyme, there has been no evidence to suggest that S alone can bind to DNA. 
In fact the smallest complex known to have some activity is the methylase, and 
even this has no apparent affinity for DNA in the absence of its cofactor and 
allosteric effector Ado-met (Yuan et al., 1975). Analysis of EcoK purified from 
one hsdM E.coli strain showed that this enzyme was unable to bind Ado-met. 
However, an enzyme with a mutant S polypeptide retained its ability to bind this 
cofactor (Buehler and Yuan, 1978). This is consistent with there being an Ado-
met binding site within the M polypeptide. Whether Ado-met binds to distinct 
polypeptide domains in order firstly to induce an enzyme conformational change, 
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and secondly to participate as a methyl group donor in adenine methylation is 
not known. Nevertheless it is appealing to suggest that the M subunit, if 
involved in Ado-met binding and adenine methylation, might actually be in 
intimate contact with the DNA target sequence, and this contact might be 
responsible for the distinct substrate specificity of type I enzymes (Suri et al., 
1984a; Burclthardt et al., 1981b). Analysis of the predicted amino acid sequence 
of the EcoK M polypeptide (Loenen et al., 1987) has revealed a sequence 
similarity common to all the adenine methylases, which might identify a 
polypeptide domain specifically involved in the methylation of adenine. Through 
sequence comparisons between M polypeptides from different families we hope 
to identify other conserved features. M polypeptides from different enzyme 
families appear to be functionally analogous despite their inability to 
complement each other. Consequently, sequences that are common to M 
polypeptides from different enzyme families, could identify amino acid residues 
that are particularly important for the activity of type I enzymes. 
Our analyses of type I enzymes, their functions and their interactions have 
therefore required that we extend our sequence comparisons to include further 
information from the hsdM genes. We have determined the nucleotide 
sequences of the hsdM genes from the K family host specificity systems EcoB, 
SySP, and SIySB (this thesis), and the A family systems EcoA and EcoE (Gill 
Cowan and Anne Daniel, personal communication). The analysis comprises two 
E.coli and two Salmonella specified K-family systems, and two E.coli specified 
A-family systems. Inter-familial comparisons have included published 
information from a member of the third family of type I enzymes, EcoR124 
(Price et al., 1989). 
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3.2 THE NUCLEOTIDE SEQUENCES OF THE hcdM GENES OF THREE 
MEMBERS OF THE K-FAMILY 
A Nucleotide Sequence of the hsdiVf Gene of an E.coli Strain having B 
Specificity 
The hsd genes conferring B specific restriction and modification have 
been cloned, both from E.coli B, and also from strain 629, a. natural isolate of 
E.coli having B specificity (Gough and Murray, 1983). The hsd genes of E.coli 
B were cloned by in vivo manipulation of a AhsdK  phage carrying a deletion 
covering hsdSK.  Although the hsdSB  gene rescued into this phage from the 
chromosome of a A-sensitive derivative of E.coli B is known to originate from 
hsdB, the provenance of the hsdM gene carried by this phage is not clear. 
However, the Izsd genes of the B-specificity strain 629 have been cloned directly 
from chromosomal DNA digests and therefore the source of the hsdM gene 
encoded by the derivative phage A629-2 is unambiguous. The nucleotide 
sequences of the hsdSB  genes of both E.coli B and strain 629 are identical 
(Gough and Murray, 1983), which strongly suggests that these two strains have 
a common host specificity region and that their hsdM genes are also identical. 
The nucleotide sequence of hsdMB  has therefore been obtained from clones 
derived from the strain 629. 
A629-2 encodes the entire hsdMB  gene and part of hsdSB  (figure 3.1) 
(Gough and Murray, 1983). Sequence analysis of hsdSB  has included sequence 
from the BamHI restriction site within hsdMB.  The region of hsdMB 
downstream from this restriction site (225bp) is identical in sequence to the 
same region of hsdMB  cloned from E.coli B, and also shows extensive similarity 
to the corresponding region of IzsdMK  (Loenen et al., 1987). 
The 3.1 kb BamHI fragment was purified from A629-2 (figure 3.1), and 
sub-cloned in mp19 in both orientations. The nucleotide sequence of that region 
of hsdMB contained within this fragment (1362bp) was determined. The M13 
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Figure 3.1 
The sequencing strategy for the hsdMB  gene. The top line shows a restriction map for 
part of the hsd region of strain 629; the phage A629-2 is indicated below the restriction 
map. The hsdM and S genes are illustrated by open boxes with arrowheads to indicate 
the direction of transcription. Target sites for restriction enzymes are marked. B, 
BamHI; R, EcoRI; S, Smal. The 3.1kb BamHI fragment purified from A629-2 and sub-
cloned in mp19 is drawn to a larger scale below the restriction map of the phage. The 
region of hsdM included in the sub-clones is indicated by an open box. Sequencing was 
initiated from oligonucleotide primers; the sequences obtained from individual primers 
on each strand of the DNA are indicated by arrows beneath the diagram. 
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universal primer, and oligonucleotide sequencing primers specific for the hsdMK 
coding sequence and the non-coding strand of hSdMB  were used. The hsdK 
specific primers annealed to the corresponding sequence of itsdB  in all but one 
case, where an hsdB  specific primer was required. The average spacing between 
primers was 210bp on the coding strand, and 240bp on the non-coding strand. 
The 2kb Sinal/EcoRI fragment from A629-2 (figure 3.1) was sub-cloned in mp19 
allowing the sequence across the BamHI site internal to hSdMB  to be confirmed. 
The derived nucleotide sequence was compiled with sequence from downstream 
of the hsdMB  internal BamHI site (Gough and Murray, 1983), and an open 
reading frame of 1587bp was identified (figure 3.2). The nucleotide sequence 
identity between hSdMK  and  hsdMB  is 94.1%. Like hsdMK,  the  hsdMB open 
reading frame specifies a polypeptide of 529 amino acids, corresponding to a 
molecular weight of 59,290. The termination codon of this open reading frame 
overlaps with the initiation codon of the hsdS gene, as is the case for all the 
hsdM and S genes for which sequence information is available (Gough and 
Murray, 1983; Fuller-Pace and Murray, 1986; Gann et al., 1987; Price et al., 
1989; Cowan et al., 1989). 
B Nucleotide Sequence of the h&dlvf gene of Salmonella potsdam 
The hsdM gene of S.potsdam was cloned in bacteriophage A (section 
2.1B). A/zSdMsp includes a 2.7kb HindIII fragment encoding the entire hsdM5p 
gene and part of hsdS5p (figure 3.3). Previous analysis of hsdS5p has included 
nucleotide sequence derived from the hsd region downstream of the BamHI 
restriction site within hsdMsp (Fuller-Pace and Murray, 1986). 
The 2.0kb HindIII/BamHI fragment from AhsdM5p was sub-cloned in 
mp18 and mp19 (figure 3.3). The nucleotide sequence of that region of hsdM5p 
contained within this fragment was determined, using oligonucleotide primers 
specific for the hsdMK  coding sequence and the hsdMB  non-coding sequence. 
Although all the IzsdMB specific primers would anneal to the corresponding 
sequence of hsdMsp  three hsdMp specific primers were required to replace 
Figure 3.2 Nucleotide Sequence of the /ISdMB  Gene 
1 ATGAACAATAACGATCTGGTCGCGAAGCTGTGGAAACTGTGCGACAACCTGCGCGATGGC 60 
MetAsnAsnAsnAspLeuValAlaLysLeuTrpLysLeuCySASpASflLeUArgASpGly 
61 GGCGTTTCCTATCAAAACTACGTCAATGAACTCGCCTCGCTGCTGTTTTTGAAAATGTGT 120 
GlyValSerTyrGlnAsnTyrValAsnGluLeuAlaSerLeuLeuPheLeuLysMetCyS 
121 AAAGAAACCGGACAGGAAGCGGAATACCTGCCGGAAGGCTACCGCTGGGATGACCTQAAA 180 
LysGluThrGlyGlriGluAlaGluTyrLeuProGluGlyTyrArgTrpAspAspLeuLys 
181 TCCCGCATCGGCCAGGAGCAGTTGCAGTTCTACCGTAACCTGCTGGTGCATCTGGGCGCC 240 
SerArgIleGlyGlnGluGlnLeuGlnPheTyrArgAsnLeuLeuValHi sLeuGlyAla 
241 GACAATCAAAAGCTCGTGCAGGCGGTGTTCCAGAACGTCAACACCACCATTACCCAGCCG 300 
AspAsnGlnLysLeuValGlnAlaValPheGlnAsnValAsnThrThr I leThrGlnPro 
301 AAACAGTTGACCGAACTGGTCAGCAATATGGATTCACTGGACTGGTACAACGGCGCGCAC 360 
LysGlrtLeuThrGluLeuValSerAsnMe tAspSerLeuAspTrpTyrAsnGlyAlaHi s 
361 GGTAAGTCACGCGATGACTTCGGCGATATGTACGAAGGGCTGTTGCAGAAAAACGCCAAC 420 
GlyLysSerArgAspAspPheGlyAspMe tTyrGluGlyLeuLeuGlriLysAsrtAlaAsn 
421 GAAACCAAGTCTGGCGCGGGCCAGTACTTCACCCCACGTCCGCTGATTAAAACCATTATT 480 
GluThrLysSerGlyAlaGlyGlnTyrPheThrProArgProLeul leLysThrIleIle 
481 CATCTGCTGAAACCGCAGCCGCGTGAAGTGGTGCAGGACCCGGCAGCAGGTACAGCGGGC 540 
Hi sLeuLeuLysProGlnProArgGluValValGlnAspProAlaAlaGlyThrAlaGly 
541 TTTTTGATTGAAGCTGACCGCTACGTTAAGTCGCAGACTAACGATCTGGACGACCTTGAT 600 
PheLeu I ].eGluAlaAspArgTy rValLysSe rGlnThrAsnAspLeuAspAspLeuAsp 
601 GGCGACACGCAGGATTTCCAGATCCACCGCGCGTTTATCGGCCTCGAACTGGTACCCGGC 660 
G1yAspThrG1nAspPheG1nh1eHisArgA1aPheI1eG1yLeuG1uLeuVa1ProG1y 
661 ACCCGTCGTCTGGCGCTAATGAACTGCCTGCTGCACGATATCGAAGGCAACCTCGACCAC 720 
ThrArgArgLeuAlaLeuMetAsnCysLeuLeuHi sAspl leGluGlyAsnLeuAspHi S 
721 GGTGGCGCAATCCGTCTGGGCAACACCCTGGGTAGCGACGGTGAAAACCTGCCGAAGGCG 780 
GlyGlyAlal leArgLeuGlyAsnThrLeuGlySerAspGlyGluAsnLeuProLysAla 
781 CATATTGTCGCCACTAACCCGCCGTTTGGTAGCGCCGCAGGCACCAACATTACCCGTACC 840 
HislleValAlaThrAsnProProPheGlySerAlaAlaGlyThrAsnl leThrArgThr 
841 TTTGTTCACCCGACCAGCAACAAACAATTGTGCTTTATGCAGCATATTATCGAAACACTG 900 
PheValHisProThrSerAsnLysGlnLeuCysPheMetGlriHisllel leGluThrLeu 
901 CACCCCGGCGGTCGTGCAGCGGTGGTGGTGCCGGAThACGTGCTGTTTGAAGGCGGCAAA 960 
HisProG1yG1yArgA1aA1aVa1Va1Va1ProAspAsnVa1reuPheG1uG1yG1yLys 
961 GGCACGGACATCCGTCGTGACCTGATGGATAAGTGTCATCTGCACACTATTCTGCGTCTG 1020 
GlyThrAspI leArgArgAspLeuMetAspLysCysHi sLeuili sThr I leLeuArgLeu 
1021 CCGACCGGTATTTTTTACGCGCAGGGCGTGAAGACGAACGTGCTGTTCTTTACCAAAGGG 1080 
ProThrGlyI lePheTyrAlaGlriGlyValLysThrAsnSlalLeuPhePheThrLysGly 
1081 ACGGTGGCGAACCCGCATCACGATAAGAACTGTACCCATGATGTGTGGGTGTACGACCTG 1140 
ThrValAlaAsnProHisGlnAspLysAsnCysThrAspAspValTrpValTyrAspLeu 
ZIP 
1141 CGTACCAATATGCCGAGCTTCGGCAAACGCACGCCGTTTACCGACGAGCATCTGCAGCCG 1200 
ArgTh rAsnMetProSerPheG1yLySArgThrPrOPheThrAsPGluHiSLeuGlt0 
1201 TTTGAGCGCGTGTATGGCGAAGATCCGCACGGTTTAAGCCCGCGTAGCGAAGGGGAATGG 1260 
PheGluArgValTyrGlyGluAspPrOHi sG1yLeuSerPr0ArgSeEG1UG1YG1UTrP 
1261 AGTTTTAACGCCGAAGAGACGGAAGTTGCCGACAGCGAAGAGAACAAAAACACCGACCAG 1320 
SerPheAsnA1aG1uG1uThrG1uVa1A1aASPSerG1UG1uASflLYsASflTPG'J 1 
1321 CACCTGGCTACCAGCCGCTGGCGTAAGTTCACCCGCGAGTGGATCCGCACCACGAAATCC 1380 
Hi sLeuAlaThr SerArgTr pArgLysPheThrArgGlUTrPIleArgThrThrLYsSer 
1381 GATTCGCTGGATATCTCCTGGCTGAAAGATAA.AGATAGCATTGATGCCGACAACCTGCCG 1440 
AspSe rLeuAspl leSe rTrpLeuLysAspLySASpSe r I leAspAlaAspAsnLeuPrO 
1441 GAGCCGGATGTATTAGCGGCAGAAGCGATGGGCGAGCTGGTACAGGCGCTGGGCGCTG 1500 
GluProAspValLeuAlaAlaGluAlaMe tG17GIuLeuVa1G1nA1aLeuG1YGIULeU 
1501 GATGCGCTGATACGTGAACTGGGAGCGAGCGATGAGGCGGATGCACAGCGTCAGTTCCTG 1560 
AspAlaLeul leArgGluLeuGlyAlaSerASpGlUAlaASpAlaGlflArgGlflLeULeU 
1561 GAAGAAGCGTTTGGTGGGGTGAAGGPA 1587 
G1uG1uAIaPheG1yG1YVa1LYSG1U 
The coding strand of hsdMB;  nucleotides are numbered consecutively from the 5' to 
the 3' end and the predicted amino acid sequence of specified M polypeptide is shown. 
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Figure 3.3 
The sequencing strategy for the hsdM5 gene. The top line shows a restriction map 
for part of the hsd region of Salmonella potsdam; the region carried by the phage 
AhsdM 5 is indicated below the restriction map. The hsdM and S genes are illustrated 
by open boxes with arrowheads to indicate the direction of transcription. Target sites 
for restriction enzymes are marked: B, BamHI; H, HindIII. The 2.0kb HindIII/BamHI 
restriction fragment purified from AhsdM5 and sub-cloned in mp18 and mp19, is drawn 
to a larger scale below the restriction map of the phage hsd region. The open box 
represents the region of hsdM p included in the sub-clones. Sequencing was initiated 
from oligonucleotide primers; the sequences obtained from individual primers on each 
strand of the DNA are indicated by arrows beneath the diagram. 
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those hsdMK  specific primers that would not anneal specifically to appropriate 
sites in the hsdMsp  gene. Generally, when 2 or more bases out of a total of 17 
were not complementary to the oligonucleotide sequence, the primer would not 
bind sufficiently well for sequence determination. We were unable to find an 
oligonucleotide primer that would hybridise to DNA within the promotor region 
of hSdM 5p although three different primers (two 17-mers and a 20-mer) were 
tested. The sequence obtained therefore contains a single stranded region of 
105bp at the start of the gene (see figure 3.3). The 2.7kb HindIll fragment 
from AhsdM p (figure 3.3) was sub-cloned in mp18 and the sequence across the 
BamHI site internal to hsdM was confirmed. The nucleotide sequence obtained 
was then added to the published sequence from downstream of this BamHI site 
(Fuller-Pace and Murray, 1986) and an open reading frame of 1587bp was 
identified (figure 3.4). Nucleotide sequence comparisons showed 87.9% identity 
to the hsdM gene of E.coli K-12, and 89.1% identity to the hsdM gene of the 
B-specificity strain, 629. Although the hsdMp sequence contains a short single 
stranded region, we are confident that the nucleotide sequence obtained from 
the non-coding strand is correct. This region of single stranded sequence is free 
of the band compressions which can make nucleotide sequencing inaccurate. 
Like hsdMK  and  hsdMB,  the hsdM5p open reading frame specifies a polypeptide 
of 529 amino acids corresponding to a molecular weight of 59,290. 
C Nucleotide Sequence of the hsdM gene of Sahnonella lyphimurium 
The hsd genes conferring SIySB specific modification have been cloned 
from a derivative of E.coli K-12 (L4001) in which the hsdK genes have been 
replaced by the hsdsB  genes of S. typhimurium (Bullas et al., 1976). A single 
11kb HindIll fragment cloned in A (AJzsdsB) includes the hsdMsB and SSB  genes 
(figure 3.5) (Fuller-Pace et al., 1984). Analysis of hsdSsB has included 
nucleotide sequence information from the hsd region downstream of the BamHI 
site within hSdMSB  (Gann et al., 1987). 
Figure 3.4 Nucleotide Sequence of the hsdMsp Gene 
1 ATGAACAATAACGATCTGGTCGCCAAACTGTGGAAACTGTGCGACAACCTGCGCGACGGC 60 
Me tAsnAsnAsnAspLeuValAlaLysLeuTrpLysLeucysAspAsnLeuArgAspGly 
61 GGCGTCTCCTATCAAAACTACGTCAATGAACTCGCCTcACTGcTGTTTTTGATGTGc 120 
GlyValSerTyrGlriAsnTyrValAsnGluLeuAlase rLeuLeuPheLeuLysMe tCys 
121 AAAGAGACCGGCCAGGAAGCGGACTACCTGCCGGAAGGCTACCGCTGGGATGACCTGAAA 180 
LysGluThrGlyGlnGluAlaAspTyrLeuProGluGlyTyrArgTrpAspAspLeuLys 
181 TCGCGCATTGGTCAGC-AGCAGTTGCAGTTTTACCGCAACCTGCTGGTGCATCTGGGCGCG 240 
SerArgIleGlyGlnGluGlnLeuGlnPheTyrArgAsnLeuLeuvalHisLeuGlyAla 
241 GACGAGAAAAAGCTGGTGCAGGCGGTGTTCCAGAACGTCAACACCACCATCACCCAACCA 300 
AspG1utysLysLeuVa1G1nA1aVa1PheG1nAsnva1AsnThrThrI1eThrG1npro 
301 AAGCAGCTGACCGAGCTGGTGAGCAGTATGGACTCACTGGACTGGTACAATGGCGACCAC 360 
LysGlnLeuThrGluLeuValSerSerMetAspSerLeuAspTrpTyrAsnGlyAspHis 
361 GGTAAGTCTCGCGACGATTTCGGCGATATGTACGkGGCCTGCTGCAAAAGAAcGCcAAC 420 
GlyLysSerArgAspAspPheGlyAspMetTyrGlLGlyLeuLeuGlnLysAsnAlaAsn 
421 GAAACCAAATCCGGCGCGGGTCAGTATTTCACCCCGCGTCCGCTGATCAAAACCATCATC 480 
GluThrLysSerGlyAlaGlyGlnTyrPheThrProArgProLeulleLysThrllerle 
481 CATCTGCTGAAGCCGCAGCCGCGTGAGGTGGTGCAGGACCCGGCCGCCGGGACCGCAGGC 540 
HisLeuLeuLysProGlnProArgGluvalvalGlnAspproAlaAlaGlyThrAlaGly 
541 TTTTTGATTGAAGCCGACCGCTACGTGAAGTCGCAGACTAACGATCTGGATGACCTTGAT 600 
PheLeulleGluAlaAspArgTyrValLysserclnThrAsnAspLeuAspAspLeuAsp 
601 GGCGACGCTCAGGATTTCCAGATTAAAAAAGCCTTTGTCGGTCTGGAGCTGGTACCAGGC 660 
GlyAspAlaGlnAspPheGlnI leLysLysAlaPheValGlyLeuGluLeuValProGly 
661 ACCCGTCGTCTGGCGCTGATGAACTGCCTGTTGCACGATATTCAAGGCAccTcGAccAc 720 
ThrArgArgLeuAlaLeuMe tAsnCysLeuLeuHi sAspl leGluGlyAsnLeuAspHi S 
721 GGCGGCGCCATCCGTCTGGGCAACACGCTGGGCAGCGACGGCGAGTTTACCGCAGGCC 780 
GlyGlyAlal leArgLeuGlyAsrxThrLeuGlySe rAspGlyGluAsriLeuProGlnAla 
781 GATATCGTCGCCACCAACCCGCCGTTTGGCAGCGCCGCGGGCACCAACATTACCCGCACC 840 
AsplleValAlaThrAsnProProPheGlySerAlaAlaGlyThrAsnl leThrArgThr 
841 TTCGTGCACCCGACCAGCAACAAACAGCTGTGCTTTATGCAGCATATTATTGAAACCCTG 900 
PheValHisProThrSerAsnLysGlnLeucyspheMetclnHjsllelleGluThrLeu 
901 CCGCCCGGCGGCCGTGCGGCGGCGGTGGTACCGGATAACGTGCTGTTTGAAGGCGGTAG 960 
ProProGlyGlyArgAlaAlaAlavalvalproAspAsriva ILeuPheGluGlyGlyLys 
961 GGCACCGATATTCGTCGCGACCTGATGGACAAATGCCATCTGCACACCATCCTGCGTCTG 1020 
GlyThrAspI leArgArgAspLeuMe tAspLysCysifi sLeuH i sThr I leLeuArgLeu 
1021 CCGACCGGCATCTTTTACGCCCAGGGCGTCAAAACCAACGTGCTGTTCTTTACCGGC 1080 
ProThrGlyI lePheTyrAlaGlnGlyvalLysThrAsnvalLeuphephemrLysGly 
1081 ACGGTAGCTAATCCGAATCAGGATAAAAACTGCACCGATGACGTGTGGGTGTATGACCTG 1140 
ThrValAlaAsnProAsnGlnAspLysAsnCysThrAspAspvalTrpvalTyrAspLeu 
1141 CGGACCAATATGCCGAGCTTCGGCAAGCGCACGCCGTTTACCGAGCAGCACCTGCAGCCG 1200 
ArgThrAsnMetProSerPheGlyLysArgThrProPheThrGluGlrlHisLeuGlflPro 
1201 TTTGAAACCGTCTACGGTGAAGATCCGCACGGCTTAAGCCCGCGTACCGAAGGCGAGTGG 1260 
PheGluThrValTyrGlyGluAspProHisGlyLeuSerProArgThrGluGlyGluTrp 
1261 AGCTTTAACGCTGAAGAGAGCGAAGTCGCCGACAGCGAAGAGAACAAAAACGCCGACCAG 1320 
SerPheAsnAlaGluGluSerGluValAlaAspSe rGluGluAsnLysAsnAlaAspGln 
1321 CATCAGGCCACCAGCCGCTGGCGCAAGTTCAGCCGCGAGTGGATCCGCACGGCCAAATCC 1380 
HisGlnAlaThrSerArgTrpArgLysPheSe rArgGluTrpl leArgThrAlaLys Ser 
1381 GATTCGCTGGATATCTCCTGGCTGAAGGATAAGGACAGCATCGACGCCGACAGCCTGCCG 1440 
AspSerLeuAsplleSerTrpLeuLysAspLysAspSerlleAspAlaAspSerLeuPro 
1441 GAGCCGGACGTGCTGGCGGCAGAAGCGATGGGTGAGCTGGTACAGGCGCTAGGCGAACTG 1500 
GluProAspValLeuAlaAlaGluAlaMetGlyGluLeuValGlnAlaLeuGlyGluLeu 
1501 GATGCGCTGATGCGCGAGCTGGGCGCGGGCGATGAGGCGGATGCGCAGCGTCAGTTGCTG 1560 
AspAlaLeuMetArgGluLeuGlyAlaGlyAspGluAlaAspAlaGlriArgGlnLeuLeu 
1561 GAAGAAGCATTTGGTGGGGTGAAGGCA 1587 
GluGluAlaPheGlyGlyValLysAla 
The coding strand of /zsdMsp;  nucleotides are numbered consecutively from the 5' to 
the 3' end and the predicted amino acid sequence of the specified M polypeptide is 
shown. 
Figure 3.5 
The sequencing strategy for the hSdMSB gene. The top line shows a restriction map 
for part of the /zsd region of Salmonella iyph.imurium. The restriction fragments cloned 
in the phages AhsdsB  and AhsdMSB  are illustrated. The hsd genes are indicated by 
open boxes on the restriction maps and the arrowheads illustrate the direction of 
transcription. Target sites for some restriction enzymes are marked: B, Barn HI; H, 
HindIII; R, EcoRI. The 2.0kb BamHI1H1ndIII restriction fragments purified from 
AhsdsB and AhSdMSB  and sub-cloned in mp18 and mp19 are illustrated on a larger 
scale below the restriction maps of these phage. Sequencing was initiated from 
oligonucleotide primers; the sequences obtained from individual primers on each strand 
of the DNA are indicated by arrows below each diagram. 
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The 2kb HindIII/BamHI fragment from AhsdsB was sub-cloned in mp18 
and mp19 (figure 3.5). The nucleotide sequence of that part of hsdMsB 
contained within this fragment was determined. Oligonucleotide sequencing 
primers were used; those primers which were specific for the hsdM5 coding 
sequence, and those hsdMK  specific primers which would anneal to hsdMp, 
would also hybridise to the corresponding region of hsdMsB.  The M13 universal 
primer, and a series of hsdMB  specific primers were used to sequence the non-
coding strand of hsdMsB.  This sequence obtained, together with that 
downstream of the hsdMsB  internal BamHI site (Gann et al., 1987), identified 
an open reading frame of 1587bp. However, comparisons between this hsdMsB 
sequence and the nucleotide sequence obtained for hsdMp, revealed that 
although these genes showed 6.3% nucleotide sequence variation at their distal 
ends, their proximal 1028bp were identical (figure 3.6). This result raised 
concern that a recent recombination event had occurred between the hsdMsB 
gene of L4001, and hsdM5 . It was unlikely that the sequenced hsdM5 gene 
was a recombinant, since this had been cloned directly from S.potsdam (section 
3.3). However, the strain L4001, had indeed originated as an S.potsdamlE.coli 
hybrid into which the S.iyphimurium hsd genes had been introduced (Bullas et 
al., 1976). It was therefore possible that the hsdM gene encoded by L4001 and 
cloned in AhsdsB  was a hybrid derivative of the true hsdMsB gene and hsdMp. 
In order to determine whether this was the case, the hSdMSB gene was 
sequenced from DNA that had been cloned directly from S.typhimurium LT2. 
The hsdM gene of S.iyphimurium has been cloned in k (AhsdMsB ) (section 
2.1B). A single 2.6kb HindIII/EcoRI fragment encodes the entire hsdMsB gene 
and part of hsdSsB  (figure 3.5). The 2.0kb HindIII/BamHI fragment from 
AhSdMSB was sub-cloned in mp18 and mp19. The nucleotide sequence of that 
region of hsdMsB  contained within this fragment was determined. 
Oligonucleotide primers were used as previously specified, except that three 
hsdMSB specific primers were also required. Whereas we had been unable to 
find an oligonucleotide primer that would anneal specifically within the promotor 
region of hsdM5 , an hsdMsB  specific primer allowed us to sequence the 
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Figure 3.6 
An alignment of the nucleotide sequences of the hsdM genes encoded by S. potsdam 
and L4001.The alignment was generated using the UWGCG program PRETTY 
(Devereux et al., 1984). The top line shows the nucleotide sequence of the hsdMsB 
gene encoded by AhsdsB,  and the second line shows the nucleotide sequence of /zsdM5 . 
The two sequences are identical for 1028bp; differences in their distal ends are marked 
by verticle lines below the alignment. 
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Figure 3.6 
1 	 50 
ATGAACAATA ACGATCTGGT CGCCAAACTG TGGAAACTGT GCGACAACCT 
ATGAACAATA ACGATCTGGT CGCCAAACTG TGGAAACTGT GCGACAACCT 
51 	 100 
GCGCGACGGC GGCGTCTCCT ATCAAAACTA CGTCAATGAA CTCGCCTCAC 
GCGCGACGGC GGCGTCTCCT ATCAAAACTA CGTCAATGAA CTCGCCTCAC 
101 	 150 
TGCTGTTTT GAAAATGTGC AAAGAGACCG GCCAGGAAGC GGACTACCTG 
TGCTGTTTTT GAAAATGTGC AAAGAGACCG GCCAGGAAGC GGACTACCTG 
15]. 	 200 
CCGGAAGGCT ACCGCTGGGA TGACCTGAAA TCGCGCATTG GTCAGGAGCA 
CCGGAAGGCT ACCGCTGGGA TGACCTGAAA TCGCGCATTG GTCAGGAGCA 
201 	 250 
GTTGCAGTTT TACCGCAACC TGCTGGTGCA TCTGGGCGCG GACGAGAAAA 
GTTGCAGTTT TACCGCAACC TGCTGGTGCA TCTGGGCGCG GACGAGAAAA 
251 	 300 
AGCTGGTGCA GGCGGTGTTC CAGAACGTCA ACACCACCAT CACCCAACCA 
AGCTGGTGCA GGCGGTGTTC CAGAACGTCA ACACCACCAT CACCCAACCA 
301 	 350 
AAGCAGCTGA CCGAGCTGGT GAGCAGTATG GACTCACTGG ACTGGTACAA 
AAGCAGCTGA CCGAGCTGGT GAGCAGTATG GACTCACTGG ACTGGTACAA 
351 	 400 
TGGCGACCAC GGTAAGTCTC GCGACGATTT CGGCGATATG TACGAAGGCC 
TGGCGACCAC GGTAAGTCTC GCGACGATTT CGGCGATATG TACGAACGCC 
401 	 450 
TGCTGCAAAA GAACGCCAAC GAAACCAAAT CCGGCGCGGG TCAGTATTTC 
TGCTGCAAAA GAACGCCAAC GAAACCAAAT CCGGCGCGGG TCAGTATTTC 
451 	 500 
ACCCCGCGTC CGCTGATCAA AACCATCATC CATCTGCTGA AGCCGCAGCC 
ACCCCGCGTC CGCTGATCAA AACCATCATC CATCTGCTGA AGCCGCAGCC 
501 	 550 
GCGTGAGGTG GTGCAGGACC CGGCCGCCGG GACCGCAGGC TTTTTGATTG 
GCGTGAGCrG GTGCAGGACC CGGCCGCCGG GACCGCAGGC TTTTTGATTG 
551 	 600 
AAGCCGACCG CTACGTGAAG TCGCAGACTA ACGATCTGGA TGACCTTGAT 
AAGCCGACCG CTACGTGAAG TCGCAGACTA ACGATCTGGA TGACCTTGAT 
601 	 650 
GGCCACGCTC AGGATTTCCA GATTAAAAAA GCCTTTGTCG GTCTGGAGCT 
GGCGACGCTC AGGATTTCCA GATTAAAAAA GCCTTTGTCG GTCTGGAGCT 
651 	 700 
GGTACCAGGC ACCCGTCGTC TGGCGCTGAT GAACTGCCTG TTGCACGATA 
GGTACCAGGC ACCCGTCGTC TGGCGCTGAT GAACTGCCTG TTGCACGATA 
103 
701 	 750 
TTGAAGGCAA CCTCGACCAC GGCGGCGCCA TCCGTCTGGG CAACACGCTG 
TTGAAGGCAA CCTCGACCAC GGCGGCGCCA TCCGTCTGGG CAACACGCTG 
751 	 800 
GGCAGCGACG GCGAGAATTT ACCGCAGGCC GATATCGTCG CCACCAACCC 
GGCAGCGACG GCGAGAATTT ACCGCAGGCC GATATCGTCG CCACCAACCC 
801 	 850 
GCCGTTTGGC AGCGCCGCGG GCACCAACAT TACCCGCACC TTCGTGCACC 
GCCGTTTGGC AGCGCCGCGG GCACCAACAT TACCCGCACC TTCGTGCACC 
851 	 900 
CGACCAGCAA CAACAGCTG TGCTTTATGC AGCATATTAT TGAAACCCTG 
CGACCAGCAA CAAACAGCTG TGCTTTATGC AGCATATTAT TGAAACCCTG 
901 	 950 
CCGCCCGGCG GCCGTGCGGC GGCGGTGGTA CCGGATAACG TGCTGTTTGA 
CCGCCCGGCG GCCGTGCGGC GGCGGTGGTA CCGGATAACG TGCTGTTTGA 
951 	 1000 
AGGCGGTAAG GGCACCGATA TTCGTCGCGA CCTGATGGAC AAATGCCATC 
AGGCGGTAAG GGCACCGATA TTCGTCGCGA CCTGATGGAC AAATGCCATC 
1001 	 1050 
TGCACACCAT CCTGCGTCTG CCGACCGGTA TCTTTTACGC CCAGGGCGTC 
TGCACACCAT CCTGCGTCTG CCGACCGGCA TCTTTTACGC CCAGGGCGTC 
1051 	 1100 
AAAACCAACG TGCTGTTCTT TACCAAAGGC ACGGTCACCA ATCCGCATCA 
AAAACCAACG TGCTGTTCTT TACCAAAGGC ACGGTAGCTA ATCCGAATCA 
	
III 	I 
1101 	 1150 
GGATAAAAAT TGCACCGATG ACGTGTGGGT GTATGACCTG CGGACCAATA 
GGATAAAAAC TGCACCGATG ACGTGTGGGT GTATGACCTG CGGACCAATA 
1151 	 1200 
TGCCGAGCTT CGGCAAGCGC ACGCCGTTTA CCGAGCAGCA TCTGCAGCCG 
TGCCGAGCTT CGGCAAGCGC ACGCCGTTTA CCGAGCAGCA CCTGCAGCCG 
1201 	 1250 
TTTGAAACTG TCTACGGCGA AGATCCACAC GGCTTAAGTC CGCGTGAAGA 
TTTGAAACCG TCTACGGTGA AGATCCGCAC GGCTTAAGCC CGCGTACCGA 
I 	I 	I 	I 	III 
1251 	 1300 
AGGGGAGTCG AGCTTTAACG CCGAAGAGAG CGAAGTCGCC GACAGCGAAG 
AGGCGAGTGG AGCTTTAACG CTGAAGAGAG CGAAGTCGCC GACAGCGAAG 
I 	 I 
1301 1350 
AGAACAAGAA CACTGACCAG CACCAGGCCA CCAGCCGCTG GCGCAAGTTC 
AGAACAAAAA CGCCGACCAG CATCAGGCCA CCAGCCGCTG GCGCAAGTTC 
I 	II 	I 
1351 	 1400 
AGCCGCGAGT GGATCCGCAG CGCAAAATCC GATTCGCTGG ATATCTCCTG 
AGCCGCGAGT GGATCCGCAC GGCCAAATCC CATTCGCTGG ATATCTCCTG 
I 	I I 
1401 	 1450 
GCTGAAGGAT AAAGACAGCA TCGACGCCGA CAGTCTGCCG GAGCCGGACG 
GCTGAAGGAT AAGGACAGCA TCGACGCCGA CAGCCTGCCG GAGCCGGACG 
I 	 I 
104 
1451 	 1500 
TGCTGGCGGC AGAAGCGATG GGCGAGCTGG TACAGGCGCT GGGCGAACTG 
TGCTGGCGGC AGAAGCGATG GGTGAGCTGG TACACGCGCT AGGCGAACTG 
1501 	 1550 
GATGCGCTGA TGCGCGAGCT GGGCGCGGGC GATGAAGCGG ATGCTCAGCG 
GATGCGCTGA TGCGCGAGCT GGGCGCGGGC GATGAGGCGG ATGCGCAGCG 
I 	I 
1551 	 1587 
TCAGTTGCTG AATGAAGCGT TTGGCGAGGT GAAGGCA 
TCAGTTGCTG GAAGAAGCAT TTGGTGGGGT GAAGGCA 
II 	I 	II 
equivalent region of this gene. The 2.6kb HindIII/EcoRI fragment from 
IJZSdMSB (figure 3.5) was sub-cloned in mp18, and the sequence across the 
hsdMsB internal Barn HI site was confirmed. The nucleotide sequence together 
with that from downstream of this BamHI site (Gann et al., 1987), identified an 
open reading frame of 1587bp (figure 3.7). Comparisons between the hsdMsB 
sequences derived from L4001 and S.iyphimurium revealed that although 
sequence identity was maintained at the distal ends of the genes, their proximal 
regions (where the L4001-derived sequence showed identity to hsdM5p) were not 
identical. This result confirmed that L4001 and the derived A clone, AhsdsB, 
encoded a hybrid hsdMsP,sB gene. The true hsdMsB sequence derived from 
S.iyphirnurium LT2 was 92.6% identical to the hsdM5p sequence. Further inter-
species sequence comparisons showed 89.0% identity to the hsdM gene of E.coli 
K-12, and 89.4% identity to the hsdM gene of the B-specificity strain 629. The 
hsdMSB open reading frame specified a polypeptide of 529 amino acids 
corresponding to a molecular weight of 59,290. 
3.3 DISCUSSION 
A Comparing the hsdM Genes of Four Members of the K-Family 
Comparisons between the nucleotide sequences of the K-family hsdM 
genes demonstrate a high degree of sequence similarity, not only when 
comparisons are made, for example, between two E.coli specified systems 
(hsdMK and  hsdMB), but also for E.coli/Salrnonella inter-species comparisons (ie. 
between JZSdMK  and hsdM5p) (see table 3.1). The hsdM genes of the four K-
family systems, each encode a polypeptide of identical size (529 amino acids). 
The predicted amino acid sequences of these related M polypeptides show an 
even higher level of similarity than is seen in nucleotide sequence comparisons 
(table 3.1) because the degeneracy of the genetic code causes some nucleotide 
substitutions to be silent. An amino acid sequence comparison between four K-
family M polypeptides is shown in figure 3.8. 
Figure 3.7 Nucleotide Sequence of the hSdMSB Gene 
1 ATGAACAATAACGATCTGGTCGCC AAGCTGTGGAAACTGTGCGAC
AACCTGCGTGACGGC 60 
Me tAsnAsnAsnAspLeuValAlaLysLeuTrpLysLeuCys As p




GlyValSerTyrGlflASflTYrVa1A5flG1e1ae sMe tCyS 
121 AAAGAGACCGGCCAGGAAGCGGACTACCTGCCGG AA
GGCTACCGCTGGGATGACCTGAAA 180 












GGGAATCCCGCGACGACTTCGGCGATATGTACGGGGCTGCTGCAGGCGCCC 420 361 




















ThrArgArgLeuAlaLeuMetAsnCysLeuLeuHisAspIleGluG lyAsnLeuAs pHis 
721 GGCGGCGCTATCCGTCTGGGCCACGCTGGGCAGCGACGGTGCCTGCCGAAGGCA 
780 







PheVa1HisPrOThrSerASflLYSG1CY5eMet(5I lel leGluThrLeu 
CACCCCGGCGGCCGTGCGGCGGTGGTGGTGCCGGATCGTGCTGTTTGGGCGGTG 960 901 
Hi sProGlyGlyArgAlaAlaValValValProAspAsnValLe




GlyThrASpI leArgArgASpLeUMe tAspLYSCYSHi sLeuHi sThr I leLeuArgLeU 
1021 CCGACCGGTATCTTTTACGCCCAGGGCGTCCCCGTGCTGTTCTTTACCGGC 
1080 





1141 CGGACCMTATGCCGAGCTTCGGCAAGCGCACGCCGTTTACCGAGCAGCATCTGCAGCCG 1200 
ArgThrAsnMetProSerPheGlyLysArgThrProPheThrGluGlnHisLeuGin Pro  
1201 TTTGAACTGTCTACGGCGAAGATCCACACGGCTTGTCCGCGTGGGGGGAGTGG 1260 
PheGluThrValTyrGlyGluAspProHisGlyLeuSerProArgGluGluGlyGluTrp 
1261 AGCTTTAACGCCGAAGAGAGCGAAGTCGCCGACAGCGAAGAGAACAAGAACACTGACC AG 1320 
SerPheAsnAlaGluGluSerGlUValAlaASPSe rG1uG1uASflLYSASflThrASPG1fl 
1321 CACCAGGCCACCAGCCGCTGGCGCAAGTTCAGCCGCGAGTGGATCCGCCGC.TCC 1380 
Hj1 flA1aTh rSerArgTrpArgLySPheSerArgGluTrPI leArgSerAlaLysSer 
1381 GATTCGCTGGATATCTCCTGGCTGAAGGATAAAGACAGCATCGACGCCGACAGTCTGCCG 1440 
AspSerLeuAspl 1eSerTrpLeuLySASPLYSASPSer11eAsPAlaAsPSeehi 0 
1441 GAGCCGGACGTGCTGGCGGCAGAAGCGATGGGCGAGCTGGTACAGGCGCTGGGCGCTG 1500 
GluProAspValLeuAlaAlaGluAlaMetGlyGluLeuValGlnAlaLeuGlyGluLeu 
1501 GATGCGCTGATGCCCGAGCTGGGCGCGGGCGATGGCGGATGCTCAGCGTCAGTTGCTG 1560 
AspAlaLeuMetArgGluLeuGlyAlaGlyAspGluAlaAspAlaGlnArgGlnLeuLe u  
1561 AATGAAGCGTTTGGCGAGGTGAAGGCA 	1587 
AsnG1uA1aPheG1YG1UVa1LYSA1a 
The coding strand of hsdMsB;  nucleotides are numbered consecutively from the 5' to 
the 3' end and the predicted amino acid sequence of the specified M polypeptide is 
shown. 
WL- 
Table 3.1 	Comparisons between the nucleotide sequences of the hsdtkf genes, 
and predicted amino acid sequences of the M polypeptides 
encoded by the K-family enzymes 
Comparison' 	% nucleotide sequence 	% predicted amino 
identity 	acid sequence identity 
EcoK/EcoB 94.1 96.1 
SiySP/SsySB 92.6 95.6 
EcoK/SIySP 87.9 94.5 
EcoKJSsySB 89.0 94.1 
EcoB/StySP 89.1 94.9 
EcoB/SIySB 	 89.4 	 94.5 
I The host specificity systems, from which the hsdM genes or M 
polypeptides are being compared 
MI 
Figure 3.8 
An alignment of the predicted amino acid sequence of the M polypeptides specified 
by four members of the K-family. The alignment was generated using the UWGCG 
program PRETTY (Devereux et al., 1984). The K-family systems which specify the M 
polypeptides are indicated next to the appropriate sequence. Upper-case letters 
represent residues that are identical in all four sequences. 
ISO 
Figure 3.8 
1, 	 50 
SB MNNNDLVAKL WKLCDNLRDG GVSYQNYVNE LAS LLFLKMC KETGQEADYLJ 
SP MNNNDLVAKL WKLCDTLRDG GVSYQNYVNE LASLLFLKMC KETGQEADL 
B MNNNDLVAKL WKLCDNLRDG GVSYQNYVNE LASLLFLKMC KETGQEAEYL 
K MNNNDLVAKL WKLCDNLRDG GVSYQNYVNE LASLLFLKMC KETGQEAEYL 
51 	 100 
SB PEGYRWDDLK SRIGQDQ4QF YRnLLVqLGs DekKLVQAVF hNVsTTIeqP 
5P PEGYRWDDLK SRIGQEQLQF YRnLLVhLGa DekKLVQAVF qNVnTTItqP 
B PEGYRWDDLK SRIGQEQLQF YRnLLVhLGa DnqKLVQAVF qNVnTTItqP 
K PEGYRWDDLK SRIGQEQLQF YflkMLVhLGe DdkKLVQAVF hNVsTTIteP 
101 	 150 
SB KQ1TeLVSyM DaLDWYNGnH GKSRDDFGDM YEGLLQKNAN ETKSGAGQYF 
SP KQ1TeLVSsM DsLDWYNGdH GKSRDDFGDM YEGLLQKNAN ETKSGAGQYF 
B KQ1TeLVSnM DsLDWYNGaH GKSRDDFGDM YEGLLQKNAN ETKSGAGQYF 





























251 	 300 
SB GSDGENLPkA hIVATNPPFG SAAGTNITRT FVHPTSMKQL CFMQHIIETL 
SP GSDGENLPqA dIVATNPPFG SAAGTNITRT FVHPTSNKQL CFMQHIIETL 
B GSDGENLPkA hIVATNPPFG SAAGTNITRT FVHPTSNKQL CFMQHIIETL 
K GSDGENLPkA hLVATNPPFG SAAGTNITRT FVHPTSNKQL CFMQHIIETL 
301 	 350 
SB hPGGRAAvVV PDNVLFEGGK GTDIRRDLMD KCHLHTILRL PTGIFYAQGV 
SP pPGGRAAaVV PDNVLFEGGK GTDIRRDLMD KCHLHTILRL PTGIFYAQGV 
B hPGGRAAvVV PDNVLFEGGK GTDIRRDLMD KCHLHTILRL PTGIFYAQGV 
K hPGGRAAvVV PDNVLFEGGK GTDIRRDLMD KCHLHTILRL PTGIFYAQGV 
351 	 400 
SB KTNVLFFTKG TVtNPhQDKN CTDDVWVYDL RTNMPSFGKR TPFTEqHLQP 
SP KTNVLFFTKG TS1aNPnQDKN CTDDVWVYDL RTNMPSFGKR TPFTEqHLQP 
B KTNVLFFTKG TVaNPhQDKN CTDDVWVYDL RTNMPSFGKR TPFTDeHLQP 
K KTNVLFFTKG TVaNPnQDKN CTDDVWVYDL RTNMPSFGKR TPFTDeHLQP 
401 	 450 
SB FEtVYGEDPH GLSPReEGEW SFNAEEsEVA DSEENKNtDQ HqATSRWRKF 
SP FEtVYGEDPH GLSPRtEGEW SFNAEEsEVA DSEENKNaDQ HqATSRWRKF 
B FErVYGEDPH GLSPRsEGEW SFNAEEtEVA DSEENKNtDQ H1ATSRWRKF 
K FErVYGEDPH GLSPRtEGEW SFNAEEtEVA DSEENKNtDQ H1ATSRWRKF 
451 	 500 
SB sREWIRsaKS DSLDISWLKD KDSIDADsLP EPDVLAAEAM GELVQALgEL 
SP sREWIRtaKS DSLDISWLKD KDSIDADsLP EPDVLAAEAM GELVQALgEL 
B tREWIRttKS DSLDISWLKD KDSIDADnLP EPDVLAAEAM GELVQALgEL 
K sREWIRtaKS DSLJDISWLKD KDSLDADSLP EPDVLAAEAM GELVQALSEL 
501 	 529 
SB DALmRELGAg DEADaQRQLL nEAFGeVKa 
SP DALrnRELGAg DEADaQRQLL eEAFGgVKa 
B DALiRELGAs DEADaQRQLL eEAFGgVKe 
K DALinRELGAs DEAD1QRQLL eEAFGgVKe 
I2 
Intra-familial sequence comparisons show strong similarities between the 
related K-family M polypeptides (table 3.1). This would however be expected 
since these enzyme subunits are interchangeable in genetic complementation 
tests. Unlike related S polypeptides which must nevertheless recognise different 
DNA target sequences, the related M polypeptides are functionally identical. 
The sequence comparisons might however help our understanding of the 
evolutionary relationships between these type I systems. It is particularly 
interesting to compare the high level of similarity seen in inter-species K-family 
sequence comparisons, with the expected degree of sequence divergence between 
E.coli and Salmonella. 
Estimates of the rates of nucleotide substitutions since E.coli and 
S.lyphimurium shared a common ancestor have been made (Ochman and Wilson, 
1987a and b; Wilson et al., 1987). These calculations have focused on silent 
substitutions in protein coding sequences, since these synonymous nucleotide 
substitutions would be predicted to accumulate at a frequency approaching the 
actual rate• of mutation. Based upon an estimation of the proportion of 
potential silent sites per total sequence length as 27.3%, the average proportion 
of silent sites that differ between two nucleotide sequences may be calculated 
(as described by Ochman and Wilson, 1987a). This value may additionally be 
corrected to account for multiple substitutions at any silent site (Ochman and 
Wilson, 1987a and b). Comparisons between the nucleotide sequences of the 
tip genes of E.coli K-12 and S.iyphimurium have shown that within a total coding 
sequence of 6576bp, 1049 silent substitutions have occurred. The uncorrected 
percentage sequence divergence at silent sites between the zip genes is calculated 
as 58%, and if account is taken of multiple substitutions (see legend c to table 
3.2) the corrected value obtained is 111% divergence (Ochman and Wilson, 
1987a). 
Table 3.2 shows sequence comparisons between the hsdM genes of four 
members of the K-family of type I enzymes. These results suggest a lower 
percentage sequence divergence between the E.coli and Salmonella encoded 
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Table 3.2 Comparisons between the hsdM genes of the K-family enzymes 
% Divergence at silent 
Comparison 	Size 	Silent 	 sites' 
(bp) Substitutions 
	
(bp) 	Uncorrected 	Correctedb 
hsdMK/hsdMB 	1587 	68 
	
16 





/zsdMK/hsdMsp 1587 147 34 60 
hsdMK/IzsdMsB 1587 122 28 47 
hsdMB/hsdMsp 1587 137 32 54 
hsdMB/hsdMsB 1587 122 28 47 
a The number of silent sites is calculated as 27.3% of the total sequence 
b Values are corrected for multiple hits by the formula, -(3/4)ln[1-(413)A] 
where A is the uncorrected divergence at silent sites expressed as a 
fraction 
11z1 
systems than we might expect if we compare these figures to the values obtained 
for the tip genes (see above). Intra-specific comparisons however reveal a higher 
percentage sequence divergence than is seen in nucleotide sequence comparisons 
between any other E.coli strains for which data are available (Milkman and 
Crawford, 1983; Dubose et al., 1988). It has been suggested (Wilson et al., 
.1987) that on average the acceptability of synonymous substitutions is likely to 
be about the same in one protein coding sequence as in another. If this is true, 
our estimates of divergence at silent sites in inter-specific comparisons might 
suggest that these K-family hsdM genes have diverged at a later time than the 
separation of E.coli and Salmonella from an ancestral bacterial species. This 
could therefore indicate horizontal transfer of genetic information between the 
host specificity regions of E.coli and Salmonella, although generally such 
horizontal processes are rare in nature (Ochman and Wilson, 1987a). 
Other genes too have shown a much lower percentage divergence at 
silent sites than would be expected in comparisons between E.coli and S. 
zyphimurium (Ochman and Wilson, 1987b; Sharp and Li, 1987). This is probably 
due in some cases to constraints imposed by codon bias and the level of gene 
expression (Ikemura, 1985; Kimura, 1986; Sharp and Li, 1987). Genes that are 
expressed at high levels show very biased frequencies of synonymous codons 
(Guoy and Gautier, 1982). Generally for highly expressed genes, one codon per 
amino acid is heavily favoured and preferentially recognised by the most 
abundant tRNA for that amino acid (Sharp, 1989). In contrast, genes that are 
expressed at low levels have a more uniform usage of synonymous codons. 
Nucleotide sequences from E.coli and S. lyphimurium show a negative correlation 
between the degree of bias towards the use of synonymous codons, and the rate 
at which nucleotide substitutions occur at silent sites (Sharp and Li, 1987). For 
example, very highly expressed genes which have a ver" biased codon usage 
accumulate synonymous substitutions very slowly. Horizontal transfer of genes 
between E.coli and S. zyphimurium could also produce gene pairs with a 
surprisingly low percentage divergence at silent sites. A few genes appear to be 
in this category (Sharp and Li, 1987). E.coli metJ for example (Saint-Girons et 
fls. 
al., 1984) shows a pattern of codon usage essentially as would be expected for 
an E.coii gene that is poorly expressed (Grantham et al., 1981), but comparisons 
between the nucleotide sequences of the S. typhimurium and E.coli specified 
med genes reveals only 21% corrected sequence divergence at silent sites 
(Ochman and Wilson, 1987b).. However since only a small number of codons 
have been examined in this case (105 amino acids) Sharp and Li (1987) 
conclude that it is not necessary to invoke interspecific exchange of genetic 
information. The K-family hsdM genes however specify polypeptides of 529 
amino acids. Our analysis of these sequences does not reveal any detectable 
strong bias in codon usage, furthermore, the unexpectedly high variation seen 
in intra-specific comparisons would not imply any pressure for the conservation 
of codon usage. Our low estimate for divergence at silent sites in inter-specific 
comparisons is therefore consistent with horizontal transfer. The somewhat high 
estimate for divergence in intra-specific comparisons could have a similar 
explanation, or alternatively could be consistent with the division of E.coli and 
Salmonella into subgroups. This might occur, for example, if restriction systems 
provide barriers to the transfer of genetic information, but there are no data 
available to document such speculation. 
B Comparing the M Polypeptides of Two Members of the A-Family 
The nucleotide sequences of the hsdM genes of E.coli A58 (EcoE) and 
E.coli 157' (EcoA) have been determined (Gill Cowan and Anne Daniel, 
personal communication). EcoA and EcoE are two members of the A-family 
of type I enzymes. The /zsdM genes of these systems are similar to each other, 
although the level of similarity is less than has been observed within the K-
family. hsdMA and  hsdME  specify polypeptides of 489 and 490 amino acids 
respectively. Comparison between these genes reveals an 80.6% identity of 
nucleotides, and at the amino acid level the EcoA and EcoE M polypeptides 
show 89.8% identity. The M polypeptides of the E.coli specified K-family 
enzymes show a somewhat higher level of sequence conservation (96.6% 
identity).. 
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Table 3.2 illustrates sequence comparisons between the hsdM genes of 
four members of the K-family type I enzymes. A similar comparison between 
the hsdM gene sequences of the A-family systems, EcoA and EcoE, shows that 
out of a total sequence length of 1467bp, 193 silent substitutions have occurred. 
This can be calculated as representing 48.3% sequence divergence at silent sites 
between hsdMA and  hsdME, and when this figure is corrected to account for 
multiple substitutions (as described by Ochman and Wilson, 1987a) it becomes 
103% sequence divergence. The A-family systems therefore show a high level 
of sequence divergence, higher even than the divergence seen between E.coli 
and Salmonella specified K-family hsdM genes. Analysis of silent substitutions 
among wild strains of E.coli (Milkman and Crawford, 1983) compared the 
nucleotide sequences of translated regions of the tip operon. This analysis 
showed striking uniformity between the majority of strains with less than one 
silent substitution per kb of sequence. In cases where greater diversity was seen, 
many of the base substitutions observed were spatially clustered. A similar 
spatial clustering of base substitutions was observed in nucleotide sequence 
comparisons between the phoA genes of the same wild strains of E.coli (Dubose 
et al., 1988). The authors implicate limited horizontal transfer of very short 
segments of genetic information, such as might occur for example, through 
genetic recombination following conjugation or transformation. There is 
however no obvious spatial clustering of silent substitutions within the hsdM 
genes of E.coli A58 and E.coli 15T. Any explanation of the high level of 
sequence diversity between these genes is obviously speculative and it would be 
helpful if the sequences were available for other genes from these strains. 
However in the absence of other comparisons that might indicate substantial 
differences between the strains, it is possible that our findings could indicate 
horizontal transfer of genetic information from an A-family system present in 
another species of enteric bacteria to E.coli. Citrobacter freundii is known to 
include an A-related host specificity system. -. 
C Inter-familial Comparisons of M Polypeptide Predicted Amino Acid 
Sequences 
The available sequences permit comparisons between families of type I 
enzymes. Such comparisons between unrelated, but otherwise functionally 
analogous M polypeptides, could define regions of functional significance. 
The M polypeptides of the K-family enzymes EcoK, EcoB, SIySP and 
SIySB, are all 529 amino acids in length, whereas those of the A-family enzymes 
EcoA and EcoE are 489 and 490 amino acids respectively. Sequence 
comparisons between these polypeptides were accomplished by introducing gaps 
into the sequences such that regions of homology could be aligned (section 
2.7F). A typical two family comparison is shown in figure 3.9. This alignment 
of the M polypeptides of EcoK and EcoE detects 25.1% sequence identity 
between them. This is in direct contrast to the high sequence identity detected 
in any pairwise intra-familial M polypeptide sequence comparison (see for 
example figure 3.8). The comparison illustrated in figure 3.9 does however 
reveal some short regions of sequence which are very similar in both the EcoE 
and the EcoK M polypeptides. These could identify regions of the M 
polypeptide which are functionally important. A clearer indication of the 
sequence similarities between the M polypeptides of unrelated type I systems 
could however be reached if the comparison also included information from 
EcoR124 of the third known enzyme family (Price et at., 1989). 
Figure 3.10 shows a sequence alignment of the M polypeptides of EcoK, 
EcoE and EcoR 124. The alignment identifies several short regions of sequence 
similarity. At 540 positions where two or more of the sequences are aligned, 
the proportion of residues that are common to any two of the sequences is 
39.8%, and 8.5% are common to all three. One region that shows sequence 
similarity in the three different enzyme families, coincides with the region 
previously identified as being conserved throughout a variety of adenine 
methylases. This domain (marked as region II in figure 3.10) has been 
suggested to represent part of an active site for the specific methylation of 
adenine (see section 1.2C). The only other of these regions of similarity 
between unrelated M polypeptides, for which we have any evidence to suggest 
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Figure 3.9 
An optimal alignment of the predicted amino acid sequences of the M polypeptides of 
Eco.E. and EcóK The alignment was generated using the UWGCG program GAP 
(Devereux et al., 1984). Gaps are inserted into the sequences to optimise the 
alignment. The top line of the alignment shows the amino acid sequence of the EcoE 
M polypeptide, the second line shows the amino acid sequence of the EcoK M 
polypeptide. Sequence identities between the two polypeptides are indicated by 
verl(cat lines. 
UZ 
I . MSISSVIKSLQDIMRKDAGVDGDAQRLGQLaSWLLFLKIFDTQEEELELE 49 
I 	I I 	I 	11111 	I 	I 
1 MNNNDLVAKLWKLCDNLRDGGVSYQNYVNELASLLFLKMCKETGQEEYL 50 
50 QDDYQFPIPQRYLWRSWAANSEGITGDALLEFVNDDLFPTLKNLTAPIDK 99 
I 	 II 
51 PEGYRW .................... DDLKSRIGQEQIJQFYRKMLVHLGE 80 
100 NPRGFV. .VKQAFSDAYNYMKNGTLLRQVINKLNEIDFSSSQERHLFGDI 147 
s 	i I 	 i 	iii 
81 DDKKLVQAVFHNVSTTITEPKQITALVSNMDSLDWYNGAHGKSRDDFGDM 130 
148 YEQILR. . DLQSAGNAGEFYTPRAVTRFMVNRIDPKLGESIMDPACGTGG 195 
II 	I •Il 	III 	 I 	I 	111111 
131 YEGLLQKNANETKSGAGQYFTPRPLIKTIIHLLKPQPREVVQDPAAGTAG 180 
196 FLACAFDHVKD. . .'. . NYVKTTEDHKTLQQQIYGVEKKQLPHLLCTTNML 240 
III 	II 	 II 	I 	II 
181 FLIEADRYVKSQTNDLDDLDGDTQDFQIHRAFIGLELVPGTRRLALMNCL 230 
241 LHGIEVPVQIRHDNTLNKPLSSWDEQV... DVIV'NPPFGGTEEDGIEKN 287 
Ills 	I 	1.1 	I 111111 
231 LHDIEGNrJDHCGAIRLGNTLGSDGENLPKAHIVATNPPFGSAAGTNITRT 280 
288 FPAEMQTRETADLFLQL II EVLADKGRAAWLPDGTLFGEGVKTKIKKIJL 337 
I 	 111111 	11111111 	II 	I tltl 
281 FVIIPTSNKQLC. . FMQHIIETLHPGGRAAVVVPDNVLFEGGKGTDIRRDL 328 
338 TEECNLMTIVRLPNGVFNPYTGIKTNILFFTKG ......... QPTKEVWF 378 
	
1111111111 	I 	Ill 	HIM 	 s:si 
329 MDKCHLffTILRLPTGIFYA .QGVKTNVLFFTKGTVANPNQDKNCTDDVWV 377 
379 YEHPYPDGVKNYSKTKPMKFEEFQAEI DWWGNEADDFASREENNQAWKVG 428 
I 	 Ii 	II 	 II 
378 YD. . LRTNMPSFGKRTPFTDEHLQPFERVYGEDPHGLSPRTEGEWSFNAE 425 
429 IDDIIARNFNLDIKNPYQGETISHDPDELLAQYQTQQAEIGELRNQLRDI 478 
426 ETEVADSEENKNTDQHLATSRWRKFSREWIRTAKSDSLDISWLKDKDSID 475 
479 LGAALAGNKGAN...................................... 490 
476 ADSLPEPDVLAAEAMGELVQALSELDALMRELGASDEADLOROLLEEAFG 525 
WR 
Figure 3.10 
An optimal alignment of the predicted amino acid sequences of the M polypeptides of 
EcoK, EcoE and EcoR124. The alignment was generated using the UWGCG program 
GAP (Devereux et al., 1984). Gaps are inserted into the sequences to optimise the 
alignment. The consensus sequence has a letter at positions where any two, or all 
three sequences are identical. 
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1 50 
KMOD . MNNNDLVAK LWKLCDNLRD GGVSYQNYVN 
EMOD .................. MS ISSVIKSLQD IMRKDAGVDG DAQRLGQrJSW 
R124M. .......... ..... MKMTS IQQRAELHRQ IWQIANDVRG SVDGWDFKQY 
Consensus ---------- --------- S I-----L--- 1W ----- VRG ---------- 
51 100 
KMOD ELASLLF ... ... LKMCKET GQEAEYLPE. GYRW ...... .......... 
EMOD LL ........ ... FLKIFDT QEEELErJEQD DYQF ... PIP QRYLWRS. .W 
R124M VLGALFYRFI SENFSSYIEA GDDSICYAKL DDSVITDDIK DDAIKTKGYF 
Consensus -L--L-------- F----ET G-E --- L--- DY ------ I - ---------- 
101 	 150 
KMOD ... .DDLKSR IGQEQ ..... ......... L QFYPKMLVHL GEDDKKLVQA 
EMOD AANSEGITGD .ALLEFVNDD LFPTLKNTJTA PIDKNPRGFV . . . . VKQAFS 
R124M IYPSQ.LFCN VAAKANTNDR LNADLNSIFV AIESSAYGYP SEADIKGLFA 
Consensus --- S--L--- -- ----- ND- L --- L ----- -- ----- G-- -E-D-K--FA 
151 200 
KMOD VFHNVS.... TTITEPK.QI TALVSNMDSL DWYNGAHGKS RDDFGDMYEG 
EMOD D........A YNYMKNGTLL RQVINKLNEI D.FSSSQERH . .LFGDIYEQ 
R124M DFDTTSNRLG NTVKDKNARL AAVLKGVEGL K.LGDFNEHQ IDLFGDAYEF 
Consensus DF---S---- -- ------- L -AV------L D------E-- -DLFGD-YE- 
201 250 
KMOD LLQKNANETK SGAGQYFTPR PLIKTIIHLL KPQPREV. .V QDPAAGTAGF 
EMOD ILR. .DLQSA GNAGEFYTPR AVTRFM. .VN RIDPKLGESI MDPACGTGGF 
R124M LISNYAANAG KSGGEFFTPQ HVSKLIAQLA MHGQTHVNKI YDPAAGSGSL 
Consensus LL---A ---- -- AGEFFTPR -S1-K-I--L- ---P--V--I -DPAAGTGGF 
- 	 region  
251 300 
KMOD LIEADRYVKS QTNDLDDLDG DTQDFQIHRA FIGLELVPGT RRLALMNCLL 
EMOD LACAFDHVKD .....NYVKT TEDHKTLQQQ IYGVEKKQLP HL[JCTTNMLL 
R124M LLQA ...... ........ KK QFDNHIIEEG FFGQEINHTT YNLARMNMFL 
Consensus L--A----VK - -------- K- ---D---I--- F-G-E ---- T --LA-MNI,4LL 
301 	 350 
KMOD HDIE.GNLDH GGAIRLGNTL GSDGENLPKA HIVATNPPFG SAAGTNITRT 
EMOD HGIEV.PVQI RHDNTLNKPL SSWDEQV... DVIVTNPPFG GTEEDGIEKN 
R124M HNINYDKFDI KLGNTLTEPH FRDEKPF... DAIVSNPPYS VKWIGSDDPT 
Consensus H-IE----DI ---NTL--PL -SD-E ----- D1IVTNPPFG ------I--T 
re ion]I 
351 400 
KNOD FVHP ...... ... TSNKQLC . . FMQHIIET LHPGGRAAVV VPDNVLFEGG 
EMOD F........P AEMQTRETAD L.FLQLIIEV LADKGRAAVV LPDGTLFGEG 
R124M LINDERFAPA GVLAPKSKAD FAFVLHALNYLSAKGRAAIV CFPGIFYRGG 
Consensus F --------- -------- AD --F-QHIIE- L--KGRAAVV -PDG-LF-GG 
401 	 450 
KMOD. KGTDIRRDLM DKCHLHTILR LPTGIFYA.Q GVKTNVLFFT KGTVANPNQD 
EMOD VKTKIKKLLT EECNLHTIVR LPNGVFNPYT GIKTNILFFT KG........ 
R124M AEQKIRQYLV DNNYVETVIS LAPNLFFG.T TIAVNILVLS K........H 
Consensus --TKIR--L- D-C-LHTI-R LP-G-F --- T GIKTNILFFT KG-------- 
451 	 500 
KMOD KNCTDDVWVY D. . LRTNMPS FGKRTPFTDE HLQPFERVYG EDPHGLSPRT 
EMOD .QPTKEVWFY EHPYPDGVKN YSKTKPMKFE EFQAEIDWWG NE........ 
R124M KTDTNVQFID ASEL ... FKK ETNNNILTDA HIEQIMQVFA SK........ 
Consensus K--T--VW-Y ---L----K- --K--P-TDE H-Q ---- V-G ---------- 
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501 	 550 
KMOD EGEWSFNAEE TEVADSEENK NTDQHLATSR WRKFSREWIR TAKSDSLDIS 
EMOD ..........ADDFASREEN NQAWKVGID. ...... DIIA RNFNLDIKNP 
R124M .......... 	 .EDVA ..... .... HLAKS. . . .VAFETV....... VAND 
Consensus ---------- - ED-AS-E-- N --- HLA-S - ------ E-I - -------- N- 
551 	 600 
KMOD-r WLKDKDSIDA DSLPEPDVLA AEAMGELVQA LSELDALMRE LGASDEADLQ 
EMOD YQ.......G ETISH. . . DP DELLAQYQTQ QAEIGELRNQ L ......... 
R124M YNLSVSSYVE AKDNREIIDI AELNAELKTT VSKIDQLRKD IDAIVAEIEG 
Consensus Y-----S --- -------- D- AELAELT SEIDLR LA 
601 
KMOD RQLLEEAFGG VKE 
EMOD RDILGAALAG NKGAN 
R124M 	- CEVQK 
Consensus R--L--A--G -K--- 
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a possible relevance to enzyme function is marked as region I in figure 3.10. 
Two point mutations which cause loss of enzyme function have been identified 
in this region (Vicki Barcus, personal communication). However, those residues 
that are conserved in the three families of type I enzymes could have functional 
significance, in which case they will identify polypeptide domains involved in 
activities that are common to all the type I enzymes. 
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Chapter Four 
A MUTATIONAL ANALYSIS OF 
THE EcoK METHYLASE 
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4.1 INTRODUCTION 
Comparisons between the M and the S subunits of unrelated type I 
modification enzymes have identified polypeptide domains which share sequence 
similarities (Kannan et al., 1989; section 33C). Two of these distinct regions of 
similarity identified in inter-familial comparisons between M polypeptide 
predicted amino acid sequences appear to have some relevance to enzyme 
function (section 33C). One domain (region II in figure 3.10) is seemingly 
conserved throughout the adenine methylases (Loenen et al., 1987; 
Chandra s.egaran and Smith, 1988; Lauster, 1989), and null mutations have been 
identified within a second domain (region I in figure 3.10) (Vicki Barcus, 
personal communication). However on the basis of these findings alone, no 
particular functional significance could be assigned to these, or other methylase 
domains. Since more mutational data were required, a point mutational analysis 
of the EcoK methylase was initiated. In this way we hoped to identify amino 
acid residues which were important for enzyme function. 
Type I modification enzymes are model systems for the study of a variety 
of molecular interactions. The M and S subunits must interact with each other, 
and in the presence of R will form a restriction complex. The methylase must 
also bind its cofactors, Ado-met and Mg ,  , and recognise a specific DNA target 
sequence. Although sequence specificity is defined by the S subunit, the enzyme. 
also shows a distinct substrate specificity; the methylation state of the recognition 
sequence dictates enzyme activity such that only hemirnethylated DNA is 
efficiently modified (Suri et al., 1984a). The basis of this substrate specific 
activity is as yet unknown. Presumably mutations which disrupt specific 
molecular interactions will affect enzyme function. By correlating the mutational 
data with the inter- and intra-familial sequence comparisons it may be possible 
to identify particular polypeptide domains which are important for function and 
in this way to reach a clearer interpretation of the available sequence 
information. 
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Early genetic analysis of the host specificity systems of E.coli K-12 and 
E.coli B, relied upon complementation tests between various mutant derivatives 
of these systems. Mutations within hsd genes were originally described in terms 
of their phenotypic affects upon restriction and modification (Wood, 1966). For 
example, an /zsdR mutation conferred a rm phenotype, whereas hsdS mutants 
were phenotypically rm (Boyer and Roulland-Dussoix, 1969). Although hsdM 
mutations too could affect both restriction and modification activities (Hubacek 
and Glover, 1970), one mutation in hsdM specifically impaired the M 
polypeptide in its ability to function in restriction but not modification (rm) 
(Glover, 1970). That this mutation could apparently affect just one aspect of 
enzyme activity was of particular significance. It illustrated how the complexity 
of type I enzymes could in fact be exploited in a mutational analysis. An 
analysis of mutations which specifically affect either restriction or modification, 
but not both, will exclude mutations which have gross structural effects, for 
example frameshift mutations. Rather, the mutant polypeptides should have 
localised changes which may help to define polypeptide domains of particular 
functional significance. 
The analysis described here relies upon the isolation of mutations within 
hsdM or hsdS which have a particular phenotypic effect upon either restriction 
or modification. This approach uses genetic tricks to enrich for mutations 
conferring particular phenotypes upon lambda phages encoding the EcoK 
methylase. A bacterial mutator strain, mutD5, increases the frequency of 
mutations within populations of phage. E.coli mutD5 carries a mutation within 
dnaQ, which encodes the proofreading exonuclease of DNA polymerase III 
holoenzyme (Echols et al., 1983; Scheuermann and Echols, 1984; Maruyama et 
al., 1983; Scheuermann et al., 1983; Di Francesco et al., 1984; Cox and Homer, 
1986). Not only do such strains generate DNA replication errors, but they also 
appear to be deficient in post-replicative, methyl-directed, DNA mismatch 
correction (Schaaper, 1989). It has been suggested that this defect in mismatch 
repair arises when the generation of DNA replication errors saturates the 
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mismatch repair system (Schaaper and Radman, 1989). The mütD mutator is 
the most potent mutator known; it allows all classes of transitions and 
transversions and therefore can generate a wide spectrum of different mutational 
changes (Cox, 1976, for review). This is particularly desirable for experiments 
designed to reveal the natural distribution of point mutations conferring a 
particular phenotype. 
By isolating mutant alleles and determining their nucleotide sequences 
mutations will be identified. Site directed mutagenesis could then be used to 
further analyse regions which this approach suggests are interesting. 
4.2 ASSAYING RESTRICTION AND MODIFICATION ACTIVITY OF 
PHAGE ENCODED METHYLASE GENES 
Lambda phage encoding the EcoK methylase genes (AhsdMS K) modify 
their DNA against K-specific restriction regardless of the host specificity of the 
bacterial strain on which they are grown. This efficient self-modification is 
additionally dependent upon the phage having an active ral gene (Zabeau et 
al., 1980). Such phage can be tested for K-specific modification by examination 
of their efficiency of plating (eop) on a K-restricting strain relative to a non-
restricting control strain, following propagation on a non-modifying host. 
Mutations within either hsd or ral can cause loss, or reduction, of self-
modification ability and such mutant phage are recognised by their reduced eop 
on a K-restricting strain (table 4.1). 
Under some special circumstances, phage encoded M and S polypeptides 
can interact with R polypeptides encoded by a bacterial host to produce a 
functional restriction complex. If the host chromosomal DNA is itself 
unmodified, (ie. if the host is phenotypically m) it will be susceptible to the 
restriction endonuclease that is formed resulting in cell death without a 
productive infection. This phenomenon, illustrated schematically in figure 4.1, 
is manifest as a low plating efficiency of the phage on the host strain. The 
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Table 4.1 	Assaying the modification activity of phage encoded methylase 
Phage" (genotype) 	eop on host strain (phenotype) 
NM522 (rjç mj ' 	fIX(rKmK) 
ANM1048 (JdMSral) 	1 	 1 
ANM1267 (hsdMSra1) 	1 	 5 x iO 
ANM1258 (/dMSral) 	1 	 5 x iO 
ANM1097 (/dMSrat) 	1 	 5 x iO 
a All phage had previously been grown on an m K7 host 
b Phage are assumed to have an eop of 1 on NM522 
Table 4.2 	Assaying the restriction activity of phage encoded methylase 
Phage' (genotype) 	eop (phenotype) on host strain 
NM522b NM522(pBg3) NM522(pJK2) 
ANM1048 (/isdMS) 	1 	10 4(Kill) 	10(Kill) 
ANM1267 (hsdMS) 	1 	10 4(Kill) 	1(Kill) 
ANM1258 (/zsdMS) 	1 	1(Kill) 	 1(Kill) 
a All phage had previously been grown on an mK7 host 
b Phage are assumed to have an eop of 1 on NM522 
Figure 4.1 
A schematic representation of a "killing test". Diagram (A) represents a bacterial strain 
that has hsd deleted, transformed by a multicopy plasmid encoding hsdRK. If this 
strain is infected by phage encoding hsdM and SK  (AJisdMS) as illustrated in (B), the 
unmodified host chromosomal DNA will be susceptible to cleavage by the restriction 
enzyme that is formed. The result is cell death without a productive infection. If 
however the infecting A/zsd phage carries a mutation within its hsdM gene or within 
hsdS (C) that disables the gene product from participating in restriction, no restriction 







cell death  




effect seen is specifically dependent upon there being an excess production of 
R by the m host strain. Originally tests of this sort were used to determine 
whether the lesions responsible for the modification deficient phenotypes of 
Ahsd A and Ahsd E phage were in hsdM or hsdS. A AhsdMS phage infecting an 
hsd deleted E.coli strain carrying a plasmid encoding hsdR and hsdM would show 
a low eop relative to a control strain because the mutant M polypeptide 
encoded by the phage would be complemented by the plasmid. However a 
AhsdWS phage would not show any reduction in plating efficiency on the 
plasmid carrying strain relative to the control strain, since in the absence of a 
functional S polypeptide this infection would have no adverse effect upon the 
host (Fuller-Pace et al., 1985). 
This complementation test is referred to as a "killing test" because of the 
effect upon the host cell when an active restriction complex is formed. When 
an MK-  E.coli strain is transformed by a plasmid encoding the hsdR and hsdM 
genes of EcoK (plasmid pBg3) (Sain and Murray, 1980), this transformant can 
be used effectively to assay the ability of S polypeptides encoded by infecting 
phage to participate in a restriction complex. A phage which shows a low eop 
on this strain relative to a non-transformed control strain (table 4.2) is 
phenotypically kill, because its S gene product is restriction-competent (r). In 
order that the restriction activity of phage encoded M polypeptides could also 
be assayed, a further plasmid construct was made which encoded only the hsdR 
gene of E.coli K-12 (pJK2) (section 2.8A).' Any phage that shows a low eop on 
an MK-  E.coli strain transformed by pJK2 must encode both M and S 
polypeptides that can interact with R to form a restriction complex. Similarly, 
if phage plate normally on the pJK2 transformed strain (table 4.2) they must 
carry mutations within either their M (AJzsdMS) or their S genes (AhsdMS), 
or even both (AhsdMS), which prevent the formation of an active restrictior 
complex. AhsdMS or AhsdMS phage can be distinguished from those phage 
that carry a mutation in their M gene alone, since only hsdS phage will show 
a low eop on the pBg3 transformed strain (table 4.2). 
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The restriction and modification phenotypes conferred by phage 
methylase genes may also be determined in lysogens. AhsdMS phage, when 
integrated into the attachment site of the E.coli C chromosome for example 
(Sain and Murray, 1980), will provide K-specific modification of infecting AV.O 
(unmodified Avirulent). Similarly integration of the AhsdMS K att phage AWL263 
into the chromosome of NM522 (hsdRMS) can produce a lysogen capable of 
K-specific restriction and modification (table 4.3). These various genetic tests 
have been used to correlate the genotypes of mutant AhsdMS phage with their 
phenotypes. 
43 MUTATIONS WITHIN THE EcoK METHYLASE WHICH 
SPECIFICALLY AFFECT DNA MODIFICATION ACTIVITY 
A Mutagenesis and Mutant Isolation 
Mutations that specifically disrupt or destroy the capacity of EcoK to 
methylate its target sequence whilst having no effect upon restriction should be 
lethal in the presence of a functional hsdR gene, because DNA will not be 
protected against restriction. This type of lethal effect is mimicked in any 
situation where DNA is challenged by a restriction specificity against which it 
carries no protection. For example, when a K-modified Ahsd phage in which 
hsdR is transcribed from PLI  infects a restriction deficient cell expressing B-
specific modification, the phage DNA is susceptible to the resulting B-specific 
endonuclease (Loenen et al., 1987). Lethality associated with a rm phenotype 
may however be avoided if mutations that impair self modification of AhsdMS 
phage are first isolated in the absence of hsdR, before screening the mutant 
phage in killing tests (section 4.2) to determine their restriction phenotypes. 
The phage chosen for the isolation of methylation specific mutations was 
ANM1119, because the hsdR gene of this phage is inactivated by a 2kb deletion 
(M). This phage was mutagenised by making a plate lysate on a mutD5 mutator 
strain. Typically this treatment gave an increase in the frequency of mutants 
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Table 43 	Lysogen tests for assaying the restriction and modification activities 
of phage encoded methylase 
4.3a Assaying the restriction activity of a A lysogen 
Phage 	 eop on host strain 
NM522a 	NM522(AWL263) 
AV.O 	 1 	 10.2 
AV.K 	 1 
a Phage are assumed to have an eop of 1 on NM522 
4.3b Assaying the modification of phage after growth on a A 
lysogen 
Phage" 	 eop on host strain 
NM522b 	 C600 
AV.NM522 	 1 	 10 
AV.NM522(AWL263) 	1 	 1 
a A single plaque of A virulent was picked from a bacterial lawn 
of the host strain indicated. 
b Phage are assumed to have an eop of 1 on NM522 
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within the lysate of between 40- and 100- fold. This was assessed by looking at 
the proportion of r mutant phage within the mutator treated lysate through 
examination of its eop on the killing test strain NM555(pJK2) (table 4.4). It was 
likely that each phage lysate following mutagenesis would contain a number of 
sibling mutants. Therefore it was important that no more than one mutant 
phage of any particular phenotype was isolated from a single mutator treated 
phage lysate, and similarly that indepen'dent plaques of the wild type phage 
were picked before mutator treatment. 
Mutator treated phage lysates were plated at an appropriate dilution to 
allow single plaques to form on a lawn of the hsd deleted E.coli host strain 
NM555. Only phage which were capable of methylation could modify their 
DNA when propagated on this strain. Independent plaques were transferred by 
toothpicking into phage buffer, and a drop of chloroform was added to kill any 
cells. The phage suspensions were then spot-tested to estimate their titre on the 
bacterial strains NM555 and R594 (rK).  Phage which had lost their ability to 
modify their DNA against K-specific restriction were recognised through their 
low eop on R594. 
The self-modification shown by those potential mutant phage isolated was 
quantified by titration. Six independent modification defective mutant phage 
were identified. These phage differed with respect to their eop's on the 
restricting strain R594, indicating that in some cases phage modification had only 
been partially impaired. Three of the mutant phage showed no K-specific 
modification (when their eop on R594 was compared with that of the control 
phage WO), whilst the other three had, to a large extent, retained their ability 
to modify their DNA (table 4.5). 
Killing tests were used to assess the restriction phenotypes of the mutant 
phage, as described in section 4.2. On the basis of these results (table 4.5) it 
was possible to assign the mutant phage to different phenotypic categories. All 
three mutants which showed no DNA modification ability had also lost their 
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Table 4.4 The effect of mutator treatment upon the frequency of r mutant 
AhsdMS phage 
Phage" 	 eop on host strain 
NM555d 	 NM555(pJK2) 
ANM1119.NM555' 	1 	 10 4 
ANM1119.NM720c 	1 	 10 3 
ANM1048.NM555 	1 	 iO 
ANM1048.NMflO 	1 	 102 
a The host strain upon which the phage were propagated is 
indicated. 
b NM555 is phenotypically rKmK 
C  NM720, a mutD5 mutator strain is phenotypically rnlj 
d Phage are assumed to have an eop of 1 on NM555 
136 
Table 4.5 The phenotypes of the modification-defective mutant phage 
Phage" eop on host strain 
NM555C 	R594 	NM555(pBg3) NM555(pJK2) 
ANM1119' 1 	1 10 4 
A1119-2 1 	10 	10 4 iO 
A1119-4 1 	5x10 3 iO 
A1119-6 1 	10 3 	iO 1 
A1119-7 1 	10-3 1 1 
A1119-8 1 	10-2 	i- 10 
A1119-9 1 	10:3 	1 1 
a All phage had previously been grown on an mK7 host. 
b ANM1119 is a wild type control. 
C  Phage are assumed to have an eop of 1 on NM555 
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capacity for restriction. These mutant phage were therefore phenotypically r 
m. A1119-6 would kill the host strain NM555(pBg3), indicating that the 
mutation in this phage was within hsdM. A1119-7 and A1119-9 however, were 
either hsdS- , or hsdM-S double mutants since their kill - (r) phenotype was not 
complemented by pBg3. Nevertheless, the three mutant phage which had 
retained some modification ability had also retained their capacity to kill upon 
infection, an m E.coli strain expressing excess R polypeptide. These mutant 
phage were therefore phenotypically rm'; they were specifically deficient in 
their capacity for K-specific modification. 
B The Effect of Ral Upon the Ability of the Mutant Phage to Modify their 
DNA 
The phenotypes of the rm phage were consistent with what would be 
expected if these phage carried mutations within their ral genes. Ral is able to 
substantially enhance self-modification of Alzsd phage. After growth on an MK-
host, A/zsdMS Krar phage will plate with between 40 and 100-fold greater 
efficiency on the K-restricting strain C600, than will isogenic AhsdMSjal 
(Loenen and Murray, 1986). In the absence of the ral gene, modification of 
)Jzsd phage can be enhanced by growth in a host strain carrying a plasmid, 
pra15, which encodes Ral. Expression from pra15 can be induced from the P 
promotor by heat inactivation of the c1857 repressor. The effect of pra15 may 
be assessed relative to a control plasmid pra13 from which Ral is not expressed. 
Table 4.6 shows the level of self-modification achieved when the wild-
type phage ANM1119, and each of the three mutant phage, A1119-2, ,k1119-4 
and A1119-8, are propagated for a single cycle of growth on the host strain 
NM555, and on transformed derivatives of this strain. As expected, the control 
plasmid pra13 which does not express Ral, has no effect upon phage 
modification. The wild type phage ANM1119 has a functional ral gene and 
modifies itself proficiently. It plates with equal efficiency on NM555 and R594. 
The mutant phage A1119-2 and A1119-8 plate have an eop of 102  on R594 
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Table 4.6 Enhancing phage modification using pral5 
Phage" 	 eop of phage on host strain 
NM555a 	R594 
ANM1119.NM555 	 1 	 4x10 
ANMl119.NM555(pral3' 	1 	 4x1t11 
ANM1119.NM555(pral5)c 	1 	 4x10 1 
k1119-2.NM555 	 1 	 2x10r2 
1k1119-2.NM555(pral3) 1' 	 1 	 1x10 2 
1k1119_2.NM555(pral5)c 	 1 	 1x10 2 
A1119-4.NM555 	 1 	 5x10 3 
A1119-4.NM555(pral3) 1' 	 1 	 4x10 3 
A11194.NM555(pral5)C 	 1 	 3x10 1 
A1119-8.NM555 	 1 	 1x10 2 
A1119-8.NM555(pral3) 1' 	 1 	 lxlO 2 
A1119.8.NM555(pral5)C 	 1 	 1x10 2 
a Phage were allowed to grow for a single round of infection on 
the host strain indicated at 42°C, e.g. .NM555 means propagated 
on NM555 
b NM555(pral3) does not express ral 
C  NM555(pral5) expresses ral at 42°C 
d Phage are assumed to ha an eop of 1 on NM555 
relative to NM555. pral5 has no effect upon modification by these phage. 
However, although the mutant phage A1119-4 is only inefficiently modified after 
growth on NM555, in the presence of pra15 modification of this phage is 
substantially enhanced. Ral expression compensates entirely for the mutant 
phenotype of A1119-4, suggesting that this phage has a mutation within its ral 
gene. However, since Ral has no effect upon A1119-2 or A1119-8 modification, 
this implies that these phage have wild-type ral genes, and therefore have 
mutations within hsd. 
C Constructing Dilysogens to Localise the Mutations within the Methylation 
Deficient Phage 
The mutations within the hsd genes of A1119-2 and A1119-8 were 
localised using complementation tests dependent upon the ability of phage 
encoded hsdM and S genes to compensate for hsdM and hsdS host 
chromosomal mutations. Neither an hsdM, nor an hsdS host strain will modify 
phage which are propagated on them. However, lysogeny of such strains by 
phage which carry a wild type copy of the mutant hsd gene will complement the 
host mutation and restore the ability to modify. 
The hsdM host NM474, and the hsdS host K803, were lysogenised by 
each of the three mutant phage A1119-2, A1119-4 and A1119-8, and by their wild 
type progenitor. Because the phage are atr, a heteroimmune helper phage was 
used to integrate them into the attachment site of the E.coli chromosome. The 
ability of each dilysogen to modify infecting AV.O was assayed (table 4.7). 
Lysogeny of either NM474 or K803 by ANM1119 will restore modification 
function, through the ability of the phage encoded Ind genes to complement 
either an hsdM or an hsdS mutation. Lysogeny with the ral mutant phage 
A1119-4 has the same effect, since this phage too encodes functional hsdM and 
S genes. A1119-2 and A1119-8 differ with respect to their ability to complement 
chromosomal hsdM and hsdS mutations. The dilysogen NM474(A1119-2) is 
4O 
Table 4.7 Assaying the modification activity of lysogenic derivatives of NM474 
and K803 
Phagea 	 eop of hage on host strain 
NM555 	 R594 
AV.NM474 	 1 	 1x10 4 
AV.NM474 (ANM1119) 	 1 5x10 1 
AV.NM474 (A1119-2) 	 1 3x10 1 
AV.NM474 (A1119-4) 	 1 7x1O 
AV.NM474 (A1119-8) 	 1 5x10 3 
AV.K803 	 1 1x10 4 
AV.K803 (ANM1119) 	 1 5x10 1 
AV.K803 (A1119-2) 	 1 3x1€r3 
AV.K803 (A1119-4) 	 1 5x10 1 
AV.K803 (A1119-8) 	 1 5x10 1 
a A single plaque of A virulent was picked from a bacterial lawn 
of the host strain indicated 
b Phage are assumed to have an eop of 1 on NM555 
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phenotypically mK  demonstrating that this phage, 11119-2, encodes a functional 
hsdM gene. However NM474(A1119-8) is unable to modify infecting phage 
against K-specific restriction indicating that 11119-8 carries a mutation within 
hsdM. The converse is true for the K803 dilysogens. While K803(A1119-8) is 
able to modify infecting phage and is therefore hsdS, the inability of A 1119-2 
to complement the S gene mutation in K803 indicates that this phage is hsdS 
D A1119-4 Does Not Carry a Mutation Within hsdA'f or hsdS 
Genetic experiments have demonstrated that 11119-4 is unable to modify 
its own DNA efficiently. This phage encodes hsdM and S genes which can 
complement chromosomal hsdM and hsdS mutations of bacterial host strains to 
restore modification function. Furthermore, self-modification of 11119-4 is 
substantially enhanced by growth in a strain expressing Ral from pra15. 
That the 11119-4 hsdM and S genes were indeed wild-type, was 
confirmed by determining their nucleotide sequences. DNA was prepared from 
11119-4 phage; the purified 2.1kp(maI1HindIII fragment was sub-cloned in 
mpl9. As illustrated in figure 4.2, this clone encodes hsdM and part of hsdS. 
The 0.7kb BamHI/HindIII fragment contained within the SmaI/HindIII clone was 
also purified and sub-cloned in mpl9. The entire nucleotide sequence of the 
11119-4 hsdM gene was determined from ss DNA templates prepared from 
these M13 clones. Seven oligonucleotide sequencing primers were used to 
sequence that region of hsdM upstream from its internal BamHI site in the 
SmaI/HindIII clone. The M13 universal primer was used to sequence the distal 
end of hsdM from the BamHI site in the BamHI/HindIII clone. The 1.8kb 
HindIII fragment encoding the distal part of hsdS was also purified and sub-
cloned in mpl9. The nucleotide sequence of the hsdS gene of 11119-4 was 
determined from ss template DNA prepared from the HindIII and SmaI/HindIII 
clones. Five oligonucleotide primers specific for the hsdSK coding sequence and 
the M13 universal primer were used. The sequences obtained were identical to 
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Figure 4.2 
A restriction map of the hsdK region carried by the phage ANM1119. The top line 
represents the EcoRI fragment from /zsdK that is carried by ANM1 119. The 2kb 
deletion, A 4, that inactivates hsdR is shown; the broken lines flanking the deletion 
illustrate that its precise endpoints are not known (Sain and Murray, 1980). The hsdM 
and S genes are indicated by arrows on the diagram, and are transcribed in the 
direction shown. Target sites for some restriction endonucleases are marked: R, 
EcoRI; B, BamHI; H, HindIII; S, SinaI. Restriction fragments purified from mutant 
derivatives of ANM1119 and sub-cloned in mp19 for sequencing are shown, drawn to 
a larger scale. The regions of hsdM and S included in these fragments are indicated. 
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Figure 4.2 
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those determined previously for hsdMK and SK  (Loenen et al., 1987; Gough and 
Murray, 1983), demonstrating that the X1119-4 hsd genes are wild type. 
E A1119-2 Has a Single Point Mutation Within hsdS 
Genetic analysis of A1119-2 has localised the mutation within this phage 
which reduces its ability to self-modify to the hsdS gene. In order to confirm 
the complementation data, the entire nucleotide sequence of the hsdM and S 
genes of A1119-2 was determined. DNA was prepared from A1119-2 phage, and 
three DNA restriction fragments were purified and sub-cloned in mp19 as 
previously described (section 4.313 and figure 4.2). The hsdM and S gene of 
A1119-2 were sequenced from ss template DNA prepared from these M13 
clones. 
Although the hsdM gene of A1119-2 was indeed wild type, a single point 
mutation was localised within the proximal variable region of the hsdS gene. 
This transition mutation GTT - GCT (figure 4.3) caused a Val - Ala change in 
the predicted amino acid sequence of the S polypeptide. The location of this 
mutation within X1119-2 was in direct agreement with the complementation data. 
F A1119-8 Has a Single Point Mutation Within ksdM 
DNA sequence analysis of the IzsdM and S genes of A1119-2 and A1119-
4 has confirmed the results of genetic complementation experiments. A1119-2 
for example, has a single point mutation within hsdS and its hsdM gene is wild 
type. Complementation analysis (section 4.3C) has suggested that A1119-8 
carries a mutation within hsdM, but unlike A1119-2 has a wild type hsdS gene. 
The genetic evidence for a mutation within hsdM was confirmed by sequencing 
the hsdM gene of A1119-8. 
Phage DNA was prepared and two restriction fragments were purified 
and sub-cloned in mp19 as previously described (section 4.31) and figure 4.2). 
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Figure 43 
The nucleotide substitutions found in the hsd genes of rm phage. 11119-2 includes 
a GTT-GCT transition mutation within hsdS. 11119-8 includes a GTG-GCG transition 
mutation within hsdM. The nucleotide substitutions are shown adjacent to the wild 
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The nucleotide sequence of ihe k 1119-8 hsdM gene was determined from ss 
template DNA prepared from these M13 clones. A single point mutation was 
found within the gene. This transition mutation GTG - GCG (figure 4.3) caused 
a Val - Ala change at residue 314 in the predicted amino acid sequence of the 
M polypeptide. This mutation was therefore responsible for the m phenotype 
exhibited by the dilysogen NM474(A1119-8) (section 43C). 
4.4 MUTATIONS WITHIN THE EcoK METHYLASE THAT 
SPECIFICALLY DISRUPT RESTRICTION ACTIVITY 
A Mutant Isolation 
The ability of phage encoded M and S polypeptides to interact with R 
supplied in trans to form a restriction complex can be assayed in a genetic test 
known as a killing test (section 4.2). This test is specifically dependent upon 
there being an excess production of the R polypeptide by the bacterial host 
strain. We expect that the test might be particularly sensitive to any restriction 
activity, even if only at a reduced level, since any nucleolytic degradation of 
host chromosomal DNA would be presumed to be harmful. Therefore if a 
killing test were used to screen for phage which encoded mutant hsd genes 
whose polypeptide products could no longer interact with R to form an 
endonuclease, those mutant phage selected would be phenotypically restriction 
deficient (r) 
An r AhsdMS K  phage will grow with normal efficiency on a non-modifying 
(MK-) bacterial host transformed with the plasmid pJK2, whereas a wild type (r i ) 
phage will show a greatly reduced eop on this strain relative to a non-
transformed contro' strain (table 4.2). Therefore propagation of wild type 
AhsdMS K  phage on this transformed strain should allow enrichment for r mutant 
phage. Some r phage may, despite their inability to kill MK_  cells expressing an 
excess of the R polypeptide, be capable of modifying their DNA against K 
specific restriction. These modification proficient (m K ) phage would have a 
I4 
strong selective advantage over MK_  phage on infection of an rK  host. 
In order to isolate phage that carried mutations within their hsdM or S 
genes which specifically affected the ability of the mutant polypeptides to 
function in restriction but had no effect upon DNA methylation, the wild type 
progenitor chosen was an hsdRMS phage, ANM 1048. This phage was 
mutagenised by growth on E.coli mutD5 and mutator treated lysates were then 
subjected to successive genetic enrichments. Firstly, they were propagated on 
NM522(pJK2), allowing enrichment for r phage which carried mutations within 
either hsdM or hsdS. Following this treatment, only those phage which were 
capable of self-modification (m t) would be methylated. These m phage were 
enriched during a second cycle of growth, this time on the rK  host C600. The 
enrichments were repeated three times and the resulting phage lysates were then 
plated on NM522(pJK2) at an appropriate dilution to allow single, well 
separated plaques to form. The plaques were picked, purified on the non-
transformed host NM522, and their r phenotype was confirmed by plating on 
the killing test strain. These r phage were then checked for K-specific 
modification by examination of their eop on C600 relative to NM522. 
Approximately 10% of all r phage assayed retained their methylation capacity. 
These phage carried mutations within either hsdM or hsdS which specifically 
disrupted restriction activity. Two rm mutant phage originating from 
independent single plaques of the wild type phage ANM1048 prior to mutator 
treatment have been designated A1048-13 and A 1048-16; their phenotypes are 
illustrated in table 4.8. 
B A1048-13 and A1048-16 Each Encode a Mutant hsdM Gene 
A1048-13 and A1048-16 have mutations within their hsd genes which 
specifically affect the ability of the phage to kill upon infection m< host cells 
expressing hsdR from the plasmid pJK2. However in neither case does the 
mutation affect the capacity of these phage to modify their DNA with K-
specificity. Mutations within Ahsd phage which disrupt restriction in this way, 
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Table 4.8 The phenotypes of the restriction-deficient mutant phage 
Phage' 	 . eop on host strain 
NM522' 	C600 	NM522(pJK2) 
ANM 1O48' 	 1 	1 	
10-4 
ANM1048-13 	1 	1 	 1 
ANM1048-16 	1 	1 	 1 
a All phage had previously been grown on an m K7 host 
b ANM 1048 is a wild type control 
C  Phage are assumed to have an eop of 1 on NM522 
Table 4.9 The plasmid pBg3 will complement the mutant phenotype 
presented by A1048-13 and A1048-16 
Phage' 	 eop on host strain 
NM522c NM522(pJK2) NM522(pBg3) 
ANM1048' 	 1 	 io- ' 	 10-4 
ANM1048-13 	1 	 1 	 10 
ANM1048-16 	1 	 1 	 10 
a All phe had previously been grown on an mj host 
tol 
1' ANM1048 is a wild type control 
C  Phage are assumed to have an eop of 1 on NM522 
may be localised outside of the phage hsdM gene, or confined to hsdM, by 
examination of the ability of the plasmid pBg3 (which encodes both hsdR and 
hsdM) to complement the phage mutation in a killing test (section 4.2 and table 
4.2). 
The eop of A 1048-13 and A1048-16 on NM522(pBg3) relative to a non-
transformed control strain was examined (table 4.9). Although these phage were 
unable to kill upon infection of NM522(pJK2), their eop on NM522(pBg3) 
illustrated that their mutations were complemented by pBg3, and they therefore 
carried mutations within hsdM. 
C A1048-13 and A1048-16 Each Have a Single Point Mutation Within hsdPf 
Genetic analyses have demonstrated that the mutations that cause A 1048-
13 and A1048-16 to show a rm phenotype, are located within hsdM. In order 
to detect the mutational changes that caused this phenotypic effect, the hsdM 
genes encoded by the mutant phage were sequenced. Phage DNA was prepared 
from A1048-13 and A1048-16. The 3.1kb BamHI restriction fragment and the 
0.7kb BamHIIHindIII restriction fragment were purified from each DNA 
preparation and sub-cloned in mp19 as indicated in figure 4.4. The 3.1kb 
BamHI fragment encodes most of hsdM (1362bp); the distal end of this gene 
(225bp) is encoded by the 0.7kb BamHI/HindIII fragment. The entire 
nucleotide sequence of hsdM could therefore be determined in each case using 
ss template DNA prepared from these M13 clones. Seven oligonucleotide 
primers specific for the hsdMK  coding sequence were used to sequence that 
region of hsdM included within the 3.1kb BamHI fragment. The M13 universal 
primer was used to sequence the distal end of hsdM from the BamHI restriction 
site in the BainHIIHindIII mp19 clone. 
Comparisons between the nucleotide sequences obtained and the 
published hsdMK sequence (Loenen et al., 1987) revealed a single point mutation 
within the hsdM gene of each mutant phage. A 1048-13 carried a CTG - CCG 
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Figure 4.4 
A restriction map of the hsdK region carried by the phage ANM1048. The top line 
represents the EcoRI fragment from hsdK that is carried by ANM1048. The hsd genes 
are indicated by arrows in the diagram, and are transcribed in the direction shown. 
Target sites for some restriction endonucleases are marked: R, EcoRI; B, BamHI; H, 
Hindlil; S, Smal. Restriction fragments purified from mutant derivatives of ANM1048 
and sub-cloned in mp19 for sequencing are shown below the restriction map of this 




R 	B 	S 	B H 	H 
ANM1O48 
 











The nucleotide substitutions found in the hsdM genes of the rm phage A1048-13 and 
A1048-16. The nucleotide substitutions are shown adjacent to the wild-type (wt) 
sequence; each point mutation is marked by an arrowhead. The mutations are 
identified simply by their mutant number; A1048-13 encodes mutation 13, a CTG-CCG 
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(figure 4.5) transition mutation which caused a change in the predicted amino 
acid sequence of the M polypeptide, Leu 113 - Pro (LP113). A1048-16 carried a 
TGG - GG (figure 4.5) transition mutation causing a predicted amino acid 
sequence change Trp 115 - Arg (WR115) in the M polypeptide. Each of these 
mutations was responsible for the r phenotype exhibited by the mutant phage. 
The close juxtapositioning of these mutations suggested that they might define 
a region of M important for restriction activity - perhaps a domain responsible 
for subunit interactions between R and M. 
D Confirmation of the Phenotypes Presented by the Mutations LP113 and 
WR115 
A1048-13 and A1048-16 each encode a mutant hsdM gene. The mutations 
identified disrupt restriction activity in a killing test but have no effect upon 
phage self-modification. Although we expect the killing tests to be particularly 
sensitive assays of endonuclease activity, we wished to confirm the phenotypes 
presented by these hsdM mutations by examination of their behaviour in a more 
natural situation, when they were located on the E.coli chromosome. 
Lysogens of each of the phage A1048-13 and A1048-16 were constructed 
in the 15 strain NM522 (hsdRMS). Because these phage are atr c1857, at 
30°C they can lysogenise their host by integrating via homology within hsd. The 
resulting monolysogens have all three hsd genes, situated in close proximity on 
the E.coli chromosome, and transcribed from their natural promotors. The 
restriction and modification phenotypes of monolysogens may be easily assessed 
as described in section 4.2. Table 4.10 shows the phenotypes of the lysogens 
which were constructed using the mutant phage. Neither NM522(A1048-13) nor 
NM522(A1048-16) showed any restriction of unmodified AV although both strains 
were capable of modifying the infecting phage with K-specificity. These results 
confirmed the phenotypes displayed by these mutant hsdM genes in the genetic 
assays previously described (section 4.4A). 
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Table 4.10 Confirmation of the phenotypes presented by the rKmK mutant 
phage 
 
Strain 	 eop of phage 	phenotype 
AV.O 	AV.K 
NM522a 	 1 	 1 	rJ( 
NM522 (ANM1048) 	10-3 1 	rj 
NM522 (A1048-13) 	1 	 1 	rj 
NM522 (A1048-16) 	1 	 1 	rj 
a Phage are assumed to have an eop of 1 on NM522 
 
Phag' 	 eop of phage 	phenotype 1' 
NM522' 	C600 
AV.NM522 	 1 	 10 
AV.NM522 (ANM 1048) 	1 	 1 
AV.NM522 (A1048-13) 	1 	 1 	 MK 
AV.NM522 (A1048-16) 	1 	 1 
a Phage were picked from a bacterial lawn of the host strain 
indicated 
The modification phenotype of the strain on which the phage 
were propagated 
C  Phage are assumed to have an eop of 1 on NM522 
4.5 MUTATIONS WITHIN THE EcoK METHYLASE WHICH ALLOW 
EFFICIENT RAL-INDEPENDENT DNA MODIFICATION 
A Introduction 
The lambda ral gene product enhances the efficiency of DNA 
modification by K-family type I enzymes (Loenen and Murray, 1986). AhSdMS K  
phage that carry a mutation within ral modify their DNA very poorly. They 
plate with a much lower efficiency on an rK  bacterial strain than do isogenic 
rat phage (Loenen and Murray, 1986). Indeed, mutant AhSdMS K phage, that on 
the basis of phenotypic tests appear to be specifically defective with respect to 
DNA modification (rm), may simply carry mutations within ral (section 4.3C). 
When the hsd genes of E.coli K-12 were originally cloned in A (Sain and 
Murray, 1980), recombinant clones were selected on the basis of their ability to 
self-modify with K-specificity. Fortuitously, the A vector used to clone hsdM and 
S was ral4 and therefore the AhsdMS recombinant phage were easily recognised. 
hsdR was cloned by in vivo extension of the /zsd region carried by a AhsdMS 
phage (Sain and Murray, 1980). The required recombinants were chosen by 
selecting Spi phage which had lost the phage recombination genes red and gam, 
and therefore should have included extra DNA from the hsd region of E.coli K-
12. However it was extremely difficult in this case to isolate Spi recombinants 
that were also mK  (Noreen Murray personal communication). Having lost their 
red and gam genes, we now know that the Spi phage selected must also have 
lost ral. 
In retrospect therefore it appeared that the mK rat phage that was 
eventually recovered had probably acquired a mutation, possibly within hsd, 
which allowed efficient Ral-independent modification of the phage DNA. Our 
interest in the nature of the interaction between type I enzymes and their target 
sites specifically made this possibility particularly appealing. It is likely that Ral 
affects type I enzymes by alteration of their substrate specific activity (Loenen 
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and Murray, 1986), and is therefore possible that a mutation which allowed 
efficient Ral-independent modification could have changed the substrate 
specificity of the modification enzyme encoded by the mutant phage in a similar 
way. A mutation that allows the methylase to efficiently modify unmethylated 
DNA could have this effect. In order to study this possibility further we needed 
to isolate more mutations which allowed AJzsdMS phage to modify their DNA 
efficiently in the absence of Ral. 
B Mutant Isolation 
The isolation of further Ral-independent mutations required a new Ahsd 
phage. Ideally this phage would encode wild type hsdM and S, but not R. In 
order to simplify later analysis of the mutant derivatives, it should be c1857, 
thereby allowing temperature sensitive lysogens of the derived mutant phage to 
be made, and would have ral deleted, so that ral' revertants could not be 
isolated. ANM1119 is a derivative of ANM1048; whereas ANM1048 encodes a 
functional R polypeptide expressed from p  (Loenen et al., 1987), ANM1119 
carries a 2kb deletion (i4) within hsdR. A ral deleted c1857 derivative of 
ANM1119 was constructed (see section 2.8B). This phage is designated 
ANM1305; its modification phenotype is illustrated in table 4.11. 
ANM 1305 only modifies its own DNA inefficiently. Mutant derivatives of 
this phage which allow efficient Ral-independent modification would therefore 
have a selective advantage over ANM1305 when grown on an rK host. 
Propagation of mutagenised lysates of ANM1305 on C600 allowed enrichment 
for those mutant phage which could modify their DNA efficiently. Following 
growth on C600 however, even wild type phage within a lysate might be 
effectively K-modified, and therefore phage lysates were propagated on an 
host before repeating the enrichment procedure. After each stage of the 
enrichment procedure where phage were grown on an 	host, the proportion 
of modified phage within the lysates was estimated from their titre on C600 
relative to NM522. Typical results are shown in table 4.11. 
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Table 4.11 Genetic enrichment for derivatives of ANM1305 which can modify 
their DNA with K-specificity 
Phage.propagated 0a 	Enrichments eop of phage 
on C600b 	on host strain 
NM522c 	C600 
ANM1305.NM522 	0 	1 	2x10 
ANM1305.NM720 	0 	1 	5x10 3 
ANM1305.NM720 	1 	1 	lx10 2 
ANM1305.NM720 	2 	1 	1x10 1 
a Phage had previously been grown on the mj host strains 
indicated 
b The number of successive passages of phage through the rK+  
strain C600 after previously having been grown on a non-modifying 
host are indicated 
C  Phage are assumed to have an eop of 1 on NM522 
Following enrichment for m phage, lysates were plated on NM522 at an 
appropriate dilution such that well separated plaques were formed. Plaques 
were then transferred by toothpicking into. phage buffer, and a drop of 
chloroform was added. Ral-independent mutant phage were identified through 
their ability to plate with equal efficiency on NM522 and C600. These plaques 
were picked and purified, and their phenotypes were confirmed. 
The effect of Ral upon type I enzymes is such that restriction activity is 
severely reduced whilst modification activity is strongly enhanced (Zabeau et al., 
1980; Loenen and Murray, 1986). Mutations which allow Ahsd phage to modify 
their DNA effectively in the absence of Ral, might therefore also reduce the 
capacity of the phage to kill upon infection of an m host cell expressing excess 
R polypeptide. In order to determine whether this was the case, the phenotypes 
of the Ral-independent mutant phage ( m*) were examined using killing tests 
(refer to section 4.2). The eop of these phage on NM522(pJK2) relative to a 
non-transformed control strain was estimated, and on the basis of these tests it 
was shown that the m*  mutant phage could be divided into two distinct 
phenotypic categories; some retained their capacity for restriction (r+m*), 
whereas others were restriction-deficient (r m*) .  From each of nine mutator 
treated, modification-enriched, phage lysates, originating from independent single 
plagues of the wild type phage ANM 1305, one rm*  and one r+m* mutant phage 
was isolated. Two further r+m*  mutants were also isolated, again originating 
from independent plaques of the wild type progenitor. In this way it was 
possible to ensure that all the mutations analysed further were of independent 
origin. The mutant phage isolated, their origins, and their phenotypes, are 
illustrated in table 4.12. 
C Localising the Lesions Within the re Phage 
The mutations within the rm*  phage which cause these phage to be 
phenotypically r, could in all cases be confined to hsdM, by examination of the 
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Table 4.12 The phenotypes presented by the Ral-independent mutant phage 
Phage' Origin' eop of phage on host strain Phenotype ' 1 
NM522 C600 NM522(pJK2) 
ANM1305b - 1 10-3 io rm 
A1305-5 2 1 1 10' rm 
A1305-6 4 1 1 10' 
r+m* 
A1305-7 1 1 1 10-4 r+m* 
A1305-8 3 1 1 1 
* 
rm 
A1305-9 5 1 1 10-4 rm 
A1305-10 6 1 1 10-4 rm 
A1305-11 8 1 1 10' r+m* 
A1305-12 7 1 1 10-4 r+m* 
A1305-17 1 1 1 1 
A1305-18 3 1 1 10-4 r+m* 
A1305-19 2 1 1 1 fm* 
A 1305-20 4 1 1 1 
* 
r  
A1305-21 5 1 1 1 
A1305-22 6 1 1 1 fm 
A1305-23 7 1 1 1 rm* 
A1305-24 8 1 1 1 
A1305-25 9 1 1 1 
* 
fm 
A1305-26 9 1 1 10" rm 
A1305-27 10 1 1 10-4 r+m* 
A1305-28 11 1 1 10-4 rm 
a All phage had previously been grown on an mK7 host 
h  ANM 1305 is a wild type control 
C  Eleven independent plaques of the wild type phage which were 
picked prior to mutator treatment and genetic enrichment are 
numbered consecutively 
d 	The restriction phenotype is indicated by the eop on 
NM522(pJK2); the modification phenotype is indicated by the eop 
on C600 
e m* is Ral-independent modification 
f Phage are assumed to have an eop of 1 on NM522 
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eop of these phage on the killing test strain, NM522(pBg3). As shown in table 
4.13, pBg3 will complement each r mutation allowing the kill phenotype 
associated with a phenotypically r phage to be restored. 
The lesion responsible for causing the mutant phenotype was localised in 
each case, by determining the nucleotide sequence of the region of hsdM 
upstream from the Barn HI site within this gene. Phage DNAs were prepared 
and the 2.3kb BamHI restriction fragment purified from each preparation, was 
sub-cloned in mp19 (figure 4.6). Oligonucleotide primers were used to sequence 
that region of hsdM encoded by this BamHI fragment as previously described 
(section 4.4C). A single point mutation was located in each hsdM gene; all the 
mutations would be predicted to cause an amino acid substitution in the M 
polypeptide. The data are summarised in table 4.14. All but one mutation 
caused an amino acid substitution at Leu 113 and many of these mutations were 
identical despite their independent origin. A single mutation affected Ser 1 ". 
Representatives of each of the nucleotide substitutions observed are shown in 
figure 4.7. 
In was necessary to determine whether the mutations observed were 
sufficient for the mutant phenotypes of the phage, and thereby to prove that 
there were not secondary mutations within hsdS or elsewhere within hsdM. In 
order to do this, the 2.3kb Barn HI fragments encoding mutations representing 
each of the three different nucleotide substitutions observed (purified from 
A1305-8, A1305-19, and A1305-25 DNA), were cloned in the BarnHI deleted 
phage ANM1300 as illustrated in figure 4.6. ANM1300, like ANM1305, is deleted 
for ral, but has a different immunity from ANM1305. Recombinant derivatives 
of ANM1300 could be easily recognised, tested for Ral-independent 
modification, and assayed for restriction function in killing tests. The ANM1300 
recombinants (A1300-8, A1300-19 and A1300-25) all showed identical phenotypes 
to their original mutant progenitors. These experiments therefore demonstrated 
that the single point mutation identified within the hsdM gene of each mutant 
phage was indeed responsible for both the restriction deficiency and the 
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Table 4.13 The plasmid pBg3 will complement the f phenotype presented by 
the fm* mutations 
Phage" 
NM522' 
eop on host strain 
NM522(pJK2) NM522(pBg3) 
ANM 1305" 1 10-4 10 
11305-8 1 1 10 1 
11305-17 1 1 10 
11305-19 1 1 10" 
11305-20 1 1 10 
11305-21 1 1 
104 
A 1305-22 1 . 	 1 10 
A1305-23 1 1 10 
11305-24 1 1 10 
A 1305-25 1 1 10 
a ANM 1305 is a wild type control 
b Phage are assumed to have an eop of 1 on NM522 
Figure 4.6 
A restriction map of the hsdK region carried by each of the phage ANM1305 and 
ANM1300. The top line represents the EcoRI fragment from hsdK that is carried by 
ANM1305. A BamHI target site in the left arm of the phage close to the upstream 
EcoRI site is also indicated since this site was used for subsequent sub-cloning. The 
2kb deletion,M, that inactivates hsdR is shown; the broken lines flanking the deletion 
illustrate that its precise endpoints are not known (Sain and Murray, 1980). The hsdM 
and S genes are indicated by arrows in the diagram, and are transcribed in the 
direction shown. Target sites for some restriction endonucleases are marked: R, 
EcoRI; B, BamHI; H, Hindlil; S, Smal. The 2.3kb BamHI restriction fragment 
purified from each mutant derivative of ANM1305 and sub-cloned in mp19 for 
sequencing is shown below the restriction map of this phage, drawn to a larger scale; 
the deletion 44 is illustrated simply as a gap within the map. The region of hsdM 
included in the mp19 clones is indicated as an open box. 
The bottom line of the diagram represents the EcoRI fragment from /zsdK that is 
carried by ANM1300. This phage has a deletion within hsd that was generated by 
BamHI restriction and which removes most of the hsdM gene. The Barn HI site shown 
within hsd is the only BamHI target site that ANM1300 carries. The 2.3kb BarnHI 
fragments purified from ANM1305 and its mutant derivatives could be cloned in 
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Table 4.14 The mutations within the hsdM genes of the fm *  mutant phages 
Phage 	Nucleotide 	Amino acid 	Designation1' 
substitution sequence change" 
A1305-8 CTG-CGG Leu-Arg LR113 
A1305-17 CTG-CGG Leu-Arg LR113 
A1305-19 CTG-CAG Leu-Gln LQ113 
A1305-20 CTG-CAG Leu-Gln LQ113 
A1305-21 CTG-CAG Leu-Gln LQ113 
A1305-22 CTG-CAG Leu-Gln LQ113 
A1305-23 cTG-CAG Leu-Gln LQ113 
A1305-24 CTG-CAG Leu-Gln LQ113 
,U305-25 TCT-TAT Ser-Tyr SY144 
a The change that the mutation would cause in the M polypeptide 
predicted amino acid sequence 
1' The mutations have been named according to the amino acid 
sequence change caused and the residue affected (i.e., LR1 13 - a 
change Leu-Arg at amino acid 113) 
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Figure 4.7 
The nucleotide substitutions found in the hsdl'.t genes of the rm* phage. 
Representatives of each of the different nucleotide substittitions found are illustrated. 
The mutations are shown next to wild-type (wt) sequences and are identified by their 
mutant numbers. A1305-8 encodes mutation 8, a CTG-CGG transversion mutation; an 
identical point mutation was found within A1305-17. A1305-19 encodes mutation 19, a 
CTG-CAG transversion mutation; identical point mutations were identified within 
A1305-20, A1305-21, A1305-22, A1305-23 and A1305-24. A1305-25 encodes mutation 25, 
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enhanced modification observed. 
D The rm Phage A1048-13 and A1048-16 Also Show Efficient Rat-Independent 
Modification 
Nine independent naturally occurring mutations, isolated within ral deleted 
AhsdMS phage, allow efficient Rai-independent self-modification, whilst at the 
same time causing these mutant phage to lose their ability to kill upon infection, 
an MK-  host cell expressing excess R polypeptide. These mutations map to 
residues 113 and 144 of the M polypeptide. In previous experiments (section 
4.4C), two independent mutations conferring a rm phenotype upon a AhsdMS 
ral phage have been identified. Since these mutations, LP113 and WR115, were 
clustered in the same region of the M polypeptide as the lesions in the rm* 
mutant phage, it appeared possible that they too might, in the absence of ral 
allow Ral-independent modification. It was therefore necessary to look at the 
effect of the mutations LP 113 and WR 115 upon phage self-modification in the 
absence of Rai. 
ANM1048, has a central EcoRI fragment derived from hsdK (figure 4.4). 
The central fragment from each of the two mutant phage A1048-13 and 'k1048- 
16,  was sub-cloned in a ral replacement vector, ANM1249. ANM1249 is a c1857 
derivative of the replacement vector EMBL3, which carries a ral deletion. 
Substitution of the central fragment of ANM1249, which encodes the phage 
recombination genes red and gam, with the hsdK central fragment from ANM 1048 
phage, resulted in ral deleted phage which encoded hsdK . The recombinant 
phage carrying the /zsdK region derived from A1048-13 was designated Aral-13, 
and the recombinant phage derived from A1048-16 was designated AralA-16. The 
ability of each of these phage to methylate their DNA with K-specificity when 
grown on an host strain was determined. In contrast to a control phage 
ANM1097, which specifies wild type M and S K  polypeptides but has a ral point 
mutation, the phage Aral-13 and Ara/.-16 are capable of efficient Rai-
independent modification (table 4.15). 
Table 4.15 The effect of deleting ral upon self-modification of Ahsdk phage 
Phagea M-polypeptide 	eop on host strain 
encoded5 NM522c 	C600 
ANM1097 wt 1 5x10 3 
AMA- 13 LP 113 1 1 
Ara1t-16 WR115 1 1 
a All phage had previously been grown on an mK host 
Whereas the rat phage ANM1097 encodes a wild type M 
polypeptide, Aralt-13 and AralA-16 encode the mutant M 
polypeptides indicated 
C  Phage are assumed to have an eop of 1 on NM522 
17! 
It remained to be shown that the mutations LP113 and WR115 were 
solely responsible both for the r and for the m*  phenotypes of the mutant 
phage. This was illustrated in each case by sub-cloning in the BamHI deleted 
vector ANM1300, the BamHI restriction fragments purified from 11048-13 and 
,k1048-16  DNA which included the mutations within hsdM (figure 4.4). As 
previously described in section 4.5C, this allowed the hsd region in ANM1300 to 
be reconstructed so that the only mutation was that within hsdM. The 
recombinant derivatives of ANM1300 were designated 11300-13 and 11300-16; 
their phenotypes, illustrated in table 4.16, demonstrated that the mutations 
LP113 and WR115 would indeed allow efficient Ral-independent modification, 
and cause loss of restriction activity. 
E Localising the Lesions Within the r+m*  Phage 
All those mutations isolated that confer a rm*  phenotype upon their 
phage are tightly clustered within hsdM. It was possible that the mutations 
conferring a rfm*  phenotype might also map to the same region of the hsdM 
gene, despite the fact that they had no apparent effect upon restriction activity. 
In order to determine whether this was the case, phage DNA was prepared 
from each r+m*  mutant, and the purified 2.3kb BainHI fragments that encoded 
most of the M genes were sub-cloned in mp 19 as previously described (section 
4.5C, and figure 4.6). The nucleotide sequence of that region of hsdM encoded 
by these M13 clones was determined, as described in section 4.4C. This 
sequence analysis showed that each phage indeed carried a single point mutation 
within hsdM. These mutations were loosely clustered in the same region of the 
M gene as the rm*  mutations; all would be predicted to cause amino acid 
substitutions in the M polypeptide. The data are summarised in table 4.17, and 
representatives of each of the nucleotide substitutions found are illustrated in 
figures 4.8 and 4.9. 
In order to confirm that the mutations identified were indeed relevant to 
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Table 4.16 The mutations identified within the hsdM genes of fm mutant 
phage are responsible for the phenotypic effects observed 
Phage' (genotype) 	 eop on host strain 
NM5 22b  C600 NM522(pJK2) NM522( pBg3) 
ANM1048 (hsdMSral) 1 1 10-4 10 
ANM 1097 (hsdMSrat) 1 10-3 NDC ND 
ANM1300 (hsdMSrat) 1 10-4 ND ND 
A1048-13 (/dMU 3S'ral+) 1 1 1 10 
Ara1-13 (hsdMLPII 3S?rat) 1 1 1 10 
A1300-13 (hsdML 3S+rat) 1 1 1 10 
A1048-16 (hsdM 115S'ra1) 1 1 1 10 
AralA-16 (hsdM'1115S'rat) 1 1 1 10 
A1300-16 (hsdM 115Sra1- ) 1 1 1 10 
A1300-8 	(hsdM 113Srat) 1 1 1 10 
A1300-19 (hsdM 11135ral) 1 1 1 10 
A1300-25 (IdM 144Srat) 1 1 1 10 
a All phage had been previously grown on an mK7 host 
b Phage are assumed to have an eop of 1 on NM522 
C  ND means not determined 
)q3 
Table 4.17 The mutations within the hsdM genes of the r+m* mutant phage 
Phage 	Nucleotide 	Amino acid 	Designations' 
substitution sequence change' 
A1305-5 CTG-CAG Leu-Gln LQ85 
A1305-6 CGC-CTC Arg-Leu RL124 
A1305-7 GAA-AAA Glu-Lys EK48 
,k1305-9 CGT-CAT Arg-His RH 153 
U305-10 cTG-CAG Leu-Gln LQ85 
A1305-11 CTG-GTG Leu-Val LV134 
A1305-12 CGT-AGT Arg-Ser RS153 
A1305-18 CGC-TGC Arg-Cys RC124 
,U305-26 CGT-TGT Arg-Cys RC153 
A 1305-27 CGA-CAA Arg-GIn RQ72 
A1305-28 CGC-CTC Arg-Leu RL124 
a The effect of the observed nucleotide substitution upon the 
predicted amino acid sequence of the M polypeptide is indicated 
b The mutations have been named according to the amino acid 
sequence change caused and the residue affected (i.e. LQ85 - a 
change Leu-Gln at amino acid 85) 
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Figure 4.8 and Figure 4.9 
The nucleotide substitutions found in the hsdM genes of the r+m*  phage. 
Representatives of each of the different nucleotide substitutions found are illustrated. 
The mutations are shown next to the wild-type (wt) sequences and are identified by 
their mutant numbers. Each point mutation is marked with an arrowhead. 
Figure 4.8: A 1305-5 encodes mutation 5, a CTG-CAG transversion mutation; an 
identical point mutation was found within A1305-10. A1305-27 encodes mutation 27, a 
CGA-CAA transition mutation. A1305-7 encodes mutation 7, a GAA-AAA transition 
mutation. 
Figure 4.9: A1305-9 encodes mutation 9, a CGT-CAT transition mutation. A1305-12 
encodes mutation 12, a CGT-AGT transversion mutation. A1305-26 encodes mutation 
26, a CGT-TGT transition mutation. A1305-6 encodes mutation 6, a CGC-CTC 
transversion mutation; an identical point mutation was found within A1305-28. A1305-
18 encodes mutation 18, a CGC-TGC transition mutation. A1305-11 encodes mutation 
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the phenotypes expressed by the mutant phage, a representative selection of the 
mutants were chosen and BamHI fragments purified from these phage DNAs 
were cloned in the vector ANM 1300 as described in section 4.5C. The mutant 
phage A1305-5, A1305-6, A1305-7, A1305-9 and A1305-11, and their ANM1300 
derivatives all showed an identical phenotype. This demonstrated that the 
mutations identified in these cases were indeed relevant, and that they alone 
were responsible for the phenotypic changes observed. 
F Confirmation of the Phenotypes Presented by the rm*  and r+m* Mutations 
The two classes of mutations identified which allowed Ral-independent 
modification of phage DNA, differed in their effect upon endonucleolytic 
activity. Whereas one class of mutations (rm*)  completely disrupted restriction 
activity as assessed by the behaviour of the mutant phage in killing tests, other 
mutations (rfm*)  had no apparent effect upon restriction. For two 
mutations, LP113 and WR115, the restriction phenotypes presented by the 
mutant phage have been confirmed by constructing monolysogens in a host 
strain which encodes a functional hsdR gene (section 4.4D). 
Killing tests are speculated to be particularly sensitive assays for 
restriction activity. Mutant Aizsd phage encoding polypeptides with reduced 
restriction activity might therefore behave in the same way as wild type phage 
in killing tests; the endonuclease produced upon infection, although less active 
than the wild type endonuclease, would nevertheless have a deleterious effect 
upon the bacterial cell. Therefore, although the rm t mutations would probably 
all, like LP113 and WR115, have completely disabled the M polypeptide from 
forming a functional restriction complex, it was not clear whether the rfm* 
mutations really had no effect upon restriction activity. 
In order to ascertain more accurately the phenotypes conferred by the 
various mutations, representative phage carrying each of the different nucleotide 
substitutions were used to lysogenise the host strain NM522 (hsdRMS). As 
previously described in section 4.4D, the ability of the NM522 monolysogens to 
restrict and methylate unmodified AV.O was examined. The results are shown 
in table 4.113. 
The three additional mutations that confer a rm*  phenotype upon a Aiisd 
phage (LR113, LQ113, SY144) behave in the same way as LP113 and WR115 
(section 4.4D) when expressed in a lysogenic strain encoding hsdR. These 
results suggest that the killing tests were reliable in demonstrating the inability 
of M polypeptides encoded by rm*  phage to function in restriction. For those 
mutations that conferred a r+m*  phenotype upon their phage, some variability 
was seen between the phenotypes of the monolysogens. Whereas the majority 
of the monolysogens were able to restrict infecting unmodified phage as 
efficiently as the K-restricting strain C600, a few lysogens showed a reduced level 
of restriction. In two cases (NM522(A1305-7) and NM522(A1305-11)), restriction 
activity was reduced almost 40-fold as compared with C600. This might suggest 
that the killing tests remain as sensitive to a reduced level of restriction activity. 
Hence phage that are phenotypically kill", might vary with respect to the 
capacity of the M and S polypeptides that they encode to participate in a 
restriction complex. Of course an alternative suggestion might be that the 
lysogenic strains which were unable to restrict infecting unmodified phage as 
efficiently as C600, could simply be slightly unstable. A mixed population of 
lysogenic r cells and non-lysogenic r cells would not restrict unmodified phage 
efficiently. In order to distinguish between these two possibilities it would be 
necessary to examine the phenotypes presented by the mutant /zsdM genes in 
situations where they were stably integrated into the E.coli chromosome. 
Further analysis of the Ral-independent mutations described here relies 
upon study of a single muration representing each of the two phenotypic 
categories observed. From those mutations that cause a rm* phenotype LQ113 
encoded by A1305-19 was chosen for further analysis. This mutation was 
isolated independently in six cases and maps to the same amino acid as two 
further mutations conferring this phenotype. From the mutations that confer 
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Table 4.18 Confirmation of the phenotypes presented by the fm *  and r+m* 
mutant phage 
eop of AV.X'1 on 
Strain 	 eop of phage 	 host strain 
	
AV.O AV.K NM522 	C600 
NM522b 	 1 	1 	 1 	10-3 
C600 	 3x10 4 1 	 1 	1 
NM522 (ANM1305) 6x10 4 1 	 1 
NM522 (A1305-8) 	1 	1 	 1 	1 
NM522 (A1305-19) 	1 	1 	 1 	1 
NM522 (A1305-25) 	1 	1 	 1 	1 
NM522 (A1305-5) 1x10 3 1 1 1 
NM522 (A1305-6) 2x10 3 1 1 1 
NM522 (A 1305-7) 1x10 2 1 1 1 
NM522 (A1305-9) 5x10 4 1 1 1 
NM522 (A1305-11) 1x10 2 1 1 1 
NM522 (A1305-12) 2x10 3 1 1 1 
NM522 (A1305-18) 3x10 3 1 1 1 
NM522 (A1305-26) 1x10 3 1 1 1 
NM522 (A1305-27) 1x10 3 1 1 1 
a A single plaque of A virulent picked from each of the host 
stains was titred on NM522 and C600 to assess the modification 
phenotype of the strain on which it had grown (i.e., AV.NM522 is 
restricted 1000x by C600 thereby showing that NM522 is mj. 
AV NM522(ANM1305) is modified against K-specific restriction 
showing that NM522(ANM1305) is m.K) 
b Phage are assumed to have an eop of 1 on NM522 
,1r31 
a r+m*  phenotype, LQ85 encoded by X1305-5 was chosen for further analysis. 
The reason for this was primarily that this was the first rm*  mutant to be 
identified, and also because an NM522(A1305-5) monolysogen is clearly able to 
restrict infecting unmodified phage as effectively as the K-restricting strain C600, 
whereas some lysogens of rfm*  phage give a more ambiguous phenotype. 
G Neither hsdR nor the mc Prophage Contribute to Ral-Independent 
Modification 
Both A1305-5 and A1305-19, unlike their wild type progenitor ANM1305, 
will modify their DNA efficiently when grown on the host NM522. 
However, since NM522 encodes a functional R polypeptide, and also carries the 
cryptic rac prophage which encodes a Ral analogue, Lar (Toothman, 1981), we 
wished to demonstrate that neither Lar, nor the R polypeptide affects self-
modification by these mutant phage. 
The rk strain C600 carries rac, whereas a non-isogenic r K  strain AB1157 
does not. It has been shown (Loenen and Murray, 1986) that AB1157 restricts 
unmodified A 30-fold more efficiently than C600, which would correlate with 
there being some restriction alleviation in C600. This alleviation of restriction 
has also been demonstrated in the rack strain NM573 relative to its rac isogenic 
partner NM574 (Loenen and Murray, 1986), in which case the effect upon 
restriction is attributable to Lar. It might therefore be expected that 
modification might also be enhanced in rac4 strains. Although A1305-5 and 
A1305-19 clearly modify their DNA much more efficiently than ANM1305, this 
difference might be even more pronounced in a rac strain if their Ral-
independent modification is also Lar-independent. 
In order to investigate the effects of hsdR and rac upon phage 
modification, the two mutant phage A1305-5 and A1305-19, and their wild type 
progenitor ANM1300, were grown on E.coli C, which is rac and carries a large 
chromosomal deletion covering hsd. After growth on E.coli C, and on the rack  
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hsdR control strain NM522, the eop of the phage on NM522 and C600 lawns 
was tested. The results are shown in table 4.19. When grown on NM522, 
ANM 1305 is more efficiently methylated than when it is propagated on E.coli C. 
This suggests that rac might indeed be conferring some modification 
enhancement. The two mutant phage are efficiently methylated after growth on 
either E.coli C or NM522, suggesting that their modification is indeed Lar-
independent as well as Ral-indeperIdent and is unaffected by either the presence 
or absence of hsdR. 
H The Ral-Independent Mutations L0113 and L085 Allow Efficient 
Methylation of Unmodified Arat 
A1305-5 and A1305-19 carry mutations within their hsdM genes which 
allow them to methylate their DNA efficiently in the absence of Ral. The 
phenotypes of these phage are consistent with what might be expected if the 
mutant methylases that they encode are able to methylate unmodified DNA 
efficiently. The wild type EcoK methylase will only modify unmethylated DNA 
poorly; hemimethylated DNA is the preferred substrate for this enzyme (Suri et 
al., 1984a). Inefficient methylation of unmodified DNA may be demonstrated 
by infecting an m strain with unmodified Aral- . Whereas isogenic Aral.O are 
properly methylated after a single round of growth on such a strain, in the 
absence of Ral methylation efficiency is low, and the progeny phage are poorly 
protected against K-specific restriction (Loenen and Murray, 1986). If a 
mutation that allows Ral-independent modification of phage DNA does so 
because the mutant enzyme is able to methylate unmethylated DNA effectively, 
we would expect that a strain expressing such a methylase would modify both 
Arat.0 and Aral - .0. 
To determine whether this is the case, the ability of strains encoding the 
mutant M polypeptides ML3,  and MLQSS  to methylate isogenic Aral 4 .0 and Arat 
.0 was examined. Strains encoding the mutant hsdM genes derived from 
ANM1305-5 and ANM1305-19 have been constructed (NM722, and NM724 
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Table 4.19 Neither hsdR nor the mc prophage contribute to Ral-inde pendent 
modification 
Phage'1 	 eopof hage on host strain 
NM522 	 C600 
ANM1305.NM522 	 1 	 3x10 3 
ANM1305.E.coli C 	 1 	 3x10 4 
k1305-5.NM522 	 1 	 1 
A1305-5.E.coli C 	 1 	 1 
A1305-19.NM522 	 1 	 1 
A1305-19.E.coli C 	 1 	 1 
a Phage had previously been grown on the host strains indicated 
' Phage are assumed to have an eop of 1 on NM522 
MI 




eopof phage on host strain 
NM522° 	C600 
ANM1090.E699 	 1 	 10-2 
ANM1090.NM722 	 1 	 1 
ANM1090.NM724 	 1 	 1 
ANM1094•t99 	 1 	 1 
ANM1094.NM722 	 1 	 1 
ANM1094.NM724 	 1 	 1 
a The host on which the previously unmodified phage had been 
grown for a single round of infection is indicated 
b Phage are assumed to have an eop of 1 on NM522 
respectively). These strains carry an hsdR deletion (4), and a wild type hsdS 
gene. The control strain EDEc1 encodes wild type hsdM and S genes in the 
presence of an hsc/R point mutation. Modification of isogenic AraltO and Arat 
.0 after a single round of growth on each of these three strains was assessed 
(table 4.20). All three strains could methylate Aral' such that it would 
subsequently plate with equal efficiency on a K-restricting strain and a non-
restricting control strain. However, although 059i' would only methylate Arat 
poorly, both NM722 and NM724 would methylate this phage as effectively as 
the Aral+ control. We can therefore conclude that the mutations within the 
mutant phages A1305-5 and A 1305-19 cause unmodified DNA to be methylated 
with high efficiency. 
4.6 DISCUSSION 
The analysis described here has relied upon the isolation of mutations 
within the hsd genes of A/zsdMS phage which specifically affect only certain 
aspects of enzyme function. The mutant M and S polypeptides apparently 
remain capable of acting normally in many respects, and their mutations may 
therefore define amino acid residues relevant to the enzymatic activity indicated 
by the phenotype. This initial approach to defining polypeptide domains of 
putative functional significance within the EcoK methylase has exploited the 
complexity of type I enzymes. The M and S polypeptides are required not only 
for DNA modification, but in addition to R are also necessary for restriction. 
A phenotypically rm mutation identified within hsdM by Glover (1970), 
highlighted the possibility that a mutation which prevented EcoK from restricting 
unmethylated DNA need not necessarily affect the capacity of the mutant 
enzyme to methylate DNA with K-specificity. For example, a mutation within 
hsdM or S which disrupted a protein:protein interaction between the methylase 
and the R polypeptide could conceivably have this effect. Similarly a mutation 
that destroyed the active site for adenine methylation might nevertheless have 
little or no effect upon the ability of the mutant polypeptide to participate in 
restriction. An analysis of mutant polypeptides that retain at least one of their 
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activities should avoid mutations that cause general structural defects. 
This approach would not be applicable to the simpler type II restriction 
and modification systems which are mediated by two separate and independent 
enzymes. Mutations in these enzymes which specifically affect either restriction 
or modification activity are phenotypically indistinguishable from mutations that 
have more general structural effects upon the endonuclease or the methylase. 
Mutational analysis of EcoRI, the most extensively studied type II endonuclease, 
initially concentrated only on those null mutations which had no apparent effect 
upon protein stability, as assessed by Western blots (Yanofsky et al., 1987). 
The interpretation of amino acid changes however greatly benefitted from the 
structural information gained from the EcoRI:DNA cocrystal (McClarin et al., 
1986; see section 13A). Further experiments too have relied on these physical 
data to investigate EcoRI sequence specificity using site-directed mutagenesis of 
residues that are known to be in direct sequence specific contact with the target 
(Needels et at., 1989). 
X-ray crystallographic data are not available for any DNA methylases. 
Mutational experiments designed to identify domains responsible for DNA 
recognition and methylation have been interpreted primarily in terms of 
information derived from comparisons between the predicted amino acid 
sequences of these enzymes. For example, very similar amino acid sequence 
motifs common to enzymes that recognise different DNA sequences but 
methylate the same specific nucleotide, could indicate polypeptide domains 
responsible for the general steps in the methylation reaction. Null mutations 
that have no apparent effect upon protein stability but cluster within these 
conserved domains might affect the methylation capacity of the mutant enzyme. 
By contrast null mutations within regions of the polypeptide that show no 
sequence similarity might affect DNA recognition but could equally have a more 
general Cifect upon the enzyme. Identification of domains that are responsible 
for DNA recognition would require a distinction between these possibilities and 
for this reason analyses of multispecific, phage-encoded, DNA methylases have 
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been particularly informative (refer to section 13C). Mutations have been 
isolated which specifically affect the ability of such enzymes to methylate only 
one of their multiple target sequences (Wilke et al., 198). This approach has 
defined polypeptide domains responsible for target site recognition (TRD's), and 
comparisons between these sequences have identified a consensus TRD 
sequence (refer to section 13C). This consensus TRD motif may represent a 
backbone structure required for general interaction of the methylase with a 
target site. Presumably sequence specificity itself could be defined by just a few 
residues within the TRD. 
Other putative TRD's which show similarity to the consensus sequence 
have been identified in the simpler monospecific type II methylases (Lauster et 
al., 1989). These experiments have therefore exploited the complexity of the 
multispecific phage-encoded DNA methylases to distinguish by phenotype those 
mutations which cause a specific defect in DNA recognition; a similar rationale 
prompted our approach to a mutational analysis of the EcoK methylase. 
Mutations within the EcoK methylase which have limited phenotypic 
consequences may identify polypeptide domains that are important for particular 
enzyme activities. These mutations may be interpreted in terms of the sequence 
information now available for the M and S subunits of type I enzymes. 
Subdivision of these systems into distinct enzyme families has made them 
particularly amenable to comparative analyses. Whilst the subunits of unrelated 
type I systems are not interchangeable in genetic complementation tests, they 
are nevertheless functionally analogous. Limited sequence similarities have been 
identified between the S and the M subunits of unrelated enzymes (Kannan et 
al., 1989; this thesis, section 3.3C). These may represent polypeptide domains 
responsible for activities that are common to all type I enzymes and therefore 
are the anticipated locations of mutations that affect such activities. Conversely, 
mutations that affect an interaction which is peculiar to only one family of type 
I enzymes would not be predicted to map to amino acid residues that are 
conserved between unrelated enzymes. Therefore, whilst site-directed 
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mutagenesis would provide a useful evaluation of the functional significance of 
those sequence domains that are conserved between unrelated enzymes, residues 
elsewhere in the polypeptides would not be identified. However investigation 
of the distribution of mutations identified by their particular phenotypic effect 
would identify amino acid residues which could then be exploited further by site-
directed mutagenesis. 
Mutations that specifically affect the modification capacity of a type I 
enzyme, whilst having no effect upon the ability of the mutant polypeptide to 
participate in restriction would be lethal in the presence of the R polypeptide 
since DNA would not be protected against cleavage. For type III enzymes too 
a phenotypically r+m  mutation within the mod gene is lethal in the presence 
of the res gene product (refer to section 1.3B). Derivatives of the phage P1 that 
carry such mutations within their mod genes have been identified (Rosner, 1973; 
Humbelin et al., 1988; Rao et al., 1989). These mutant phage are recognised 
since they form clear plaques; they fail to modify their DNA whilst retaining 
their ability to restrict and are therefore unable to lysogenise their host. Such 
mutant phage are however able to grow lytically since restriction is only 
expressed late after infection (Arber, 1974). In the mutational experiments 
described here the problem of creating a derivative of EcoK with a potentially 
lethal phenotype was overcome by isolating m derivatives of AhsdMS phage and 
then screening in vivo the phage encoded M and S polypeptides for their ability 
to interact with the R polypeptide supplied in trans to form an active restriction 
complex. However although some mutations reduced the efficiency of DNA 
methylation whilst having no apparent effect upon restriction, no r+  phage 
entirely lacked the capacity to modify. Two phenotypically r+m  mutations 
have been identified within hsdK; one within hsdM and a second within hsdS. 
Both of these mutation3 have been located within regions of the methylase that 
show no obvious sequence similarity in comparisons between unrelated type I 
modification enzymes. The r+m  mutant derivatives of the type III enzyme fall 
within a region of the mod gene which shows no similarity in sequence 
comparisons between two allelic type III enzymes that recognise different target 
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sites (Humbelin et al., 1988). The authors suggest that it is this variable region 
of the polypeptide that is responsible for adenine methylation and DNA 
recognition, arguing that these sites should be physically close in order that 
methyl group transfer may occur. A parallel is also drawn between these 
variable regions and those of the S genes of type I enzymes (Humbelin et al., 
1988), This is particularly interesting since the mutation that we have identified 
within the phage, A1119-2, is within the proximal variable region of the 
hsdS gene (refer to section 4.3E). However the isolation of a mutation within 
the IzsdM gene of a similar rm phage, A1119-8 (refer to section 4.3F) 
illustrates that all residues involved in methylation are not limited to the variable 
regions of the S polypeptide, and it is difficult to imagine that such residues 
would be confined to polypeptide domains that show no similarity in sequence 
comparisons between unrelated type I enzymes. Indeed there is a sequence 
motif within the M polypeptide which is common to and specific for the adenine 
methylases (Loenen et al., 1987). It is widely believed that this motif might 
represent part of an active site for adenine methylation and circumstantial 
evidence supports a role for this polypeptide domain in recognition of a 
methylated adenine (Chandrasegaran and Smith, 1988) (refer to section 13C). 
We might argue that a mutation within such a region of the EcoK methylase 
which prevented adenine methylation could disrupt an Ado-met binding site. 
Ado-met is specifically required in order that a type I enzyme can interact with 
DNA, and a mutation of this sort might have a null phenotype. The mutations 
identified within hsdM and S which apparently reduce modification capacity 
could have more subtle effects upon the protein:DNA interaction, thereby 
lowering the efficiency of DNA methylation. 
Many protein:DNA interactions require that the protein not only binds 
to the DNA but also acts on it, however a further level of complexity is reached 
when the same protein catalyses alternative reactions on the DNA. For type I 
enzymes the problem of how a single enzyme may catalyse the opposing 
reactions of restriction and modification is explained in terms of the DNA 
substrate. The interaction of the enzyme with its target site determines which 
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specific activity is expressed. For EcoK we can be confident that the ability of 
the enzyme to recognise the different methylation states of the target sequence 
is conferred by the methylase polypeptides. Even in the absence of R, the EcoK 
methylase can clearly distinguish between an unmethylated and a 
hemimethylated substrate, Efficient modification requires the imprint of a 
methyl group in the complementary strand of the DNA target site, whilst 
unmethylated DNA is only modified extremely poorly (Suri et al., 1984a). In the 
presence of R the same distinction is made, but whereas the methylase is 
inactive on unmodified DNA, this is an excellent substrate for restriction in the 
presence of ATP. One model to explain this substrate specificity predicts that 
the DNA substrate acts as an allosteric effector in the protein:DNA interaction, 
causing the enzyme to adopt different conformations in complex with target sites 
of different methylation states (Burckhardt et al., 1981b). Although S dictates 
the sequence specificity of a type I enzyme , it is likely that M also plays an 
important role in the protein:DNA interaction; perhaps the M subunits bind 
Ado-met allowing the enzyme to assume an active conformation for interaction 
with the target sequence (refer to section 1.2D). Burckhardt et al. (1981b) 
proposed that if this were the case then the M subunits could use the methyl 
group of bound Ado-met to probe the target sequence and determine whether 
or not it contained methylated adenines. In the protein:DNA complex one M 
subunit could be positioned over each defined component of the recognition 
sequence. If the sequence were unmethylated, then the protein-bound methyl 
groups could be accommodated in the major groove allowing the M subunits to 
move close to the DNA. If the enzyme was bound to the target in this "closed" 
configuration then methylation would be inhibited. If both M subunits were 
prevented from approaching the DNA closely by a steric clash between the 
methyl groups bound to the protein and the target (ie. if the target were fully 
methylated), then the enzyme bound in this "open" configuration would 
dissociate from the recognition site. However, enzyme bound in a "semi-open" 
configuration with only one M subunit probing a methylated adenine (ie. if the 
target site were hemimethylated) would efficiently methylate the second DNA 
strand. In the presence of the R polypeptide, enzyme bound to hemimethylated 
DNA would be similarly stimulated to modify, whilst that bound to unmethylated 
DNA would presumably have the R subunits appropriately positioned for 
restriction to occur. 
Comparisons between the reaction kinetics of DNA methylation by EcoK 
of the K-family and the A-family enzyme EcoA, demonstrated that these two 
enzymes clearly differ (Suri and Bickle, 1985). Whereas EcoK will not methylate 
unmodified DNA efficiently either in the presence or the absence of the R 
polypeptide, EcoA methylates unmethylated and hemimethylated DNA at 
equivalent rates, similar in fact to the rate of methylation of hemimethylated 
DNA by EcoK. Therefore while the spectrum of enzymatic activity is similar for 
these two enzymes, the details of the reaction mechanism differ. EcoK is 
exquisitely sensitive to the presence of a methyl group at the target site. The 
methylase acts preferentially on hemimethylated DNA to preserve the 
modification pattern but has little activity on unmethylated DNA. The biological 
implications of this activity are particularly pertinent. Hemimethylated DNA is 
the product of semi-conservative replication of fully methylated DNA and 
requires modification of the daughter strand, whilst unmethylated DNA 
represents foreign DNA that must be recognised as such, and cleaved. For 
EcoA which may also modify unmethylated DNA, restriction and modification 
may be competing reactions on an unmethylated substrate; indeed this 
apparently does happen in vitro (Suri and Bickle, 1985). However if this were 
the case in vivo then we might expect that EcoA would not prove as effective 
a barrier to foreign DNA as a K-like restriction system. Evidence suggests that 
the converse is in fact true; EcoA shows a higher restriction coefficient on DNA 
carrying a single recognition site than does EcoK (Arber et al., 1972; Franklin 
and Dove, 1969). 
Whilst EcoK methylates unmodified DNA very inefficiently both in vitro 
and in vivo, the Ral product of A sharply stimulates methylation of unmodified 
DNA in vivo and severely reduces restriction (Zabeau et al., 1980) (refer to 
section 2.1F). This effect of Ral is confined to the type I restriction and 
IqZ 
modification systems (Zabeau et al., 1980), and more specifically the K-related 
enzymes (Loenen and Murray, 1986). Further analyses have suggested that Rai 
probably alters the kinetics of methylation, perhaps by changing the affinity of 
EcoK for either unmethylated or hemimethylated DNA (Loenen and Murray, 
1986). That Rai enhances modification by the EcoK methylase even in the 
absence of R is consistent with the suggestion that the methylase is responsible 
for recognition of target site methylation. It is conceivable that Rai might 
simultaneously modulate both restriction and modification simply by increasing 
the affinity of the methylase for unmodified DNA. In this case EcoK in the 
presence of Rai might be analogous to an A-family enzyme. Alternatively Rai 
might alter the substrate specificity of the restriction complex and its derivative 
methylase such that it could no longer usefully distinguish between an 
unmethylated and a hemimethylated substrate. Reduced restriction and 
enhanced modification could be explained if the enzyme proceeded to methylate 
DNA in cases where restriction would be the normal reaction course. In this 
case EcoK in the presence of Rai would not be equivalent to an A-family 
enzyme. EcoA restricts unmethylated DNA efficiently (Suri et al., 1984b) and 
therefore can presumably distinguish the methylation state of its substrate in the 
presence of the R polypeptide although not in its absence. 
That Rat apparently alters the substrate specificity of EcoK has been 
particularly relevant to our mutational experiments. Whilst in the absence of 
Rai a AhsdMS phage will only modify its DNA extremely inefficiently, by 
isolating mutant derivatives of this phage which were capable of efficient Rai-
independent self-modification, we hoped to identify mutations that specifically 
altered the distinct substrate specificity of the EcoK methylase. In this way we 
might identify methylase domains specifically responsible for recognition of target 
site methylation. 
We have isolated twenty-two independent mutant )JzsdMS phage that can 
modify their DNA efficiently in the absence of Rai. Each phage has a single 
point mutation within hsdM; fourteen different nucleotide substitutions have 
q3 
been identified. The mutations have been broadly classified into two distinct 
categories on the basis of their phenotypic effects. Although all the mutations 
described allowed efficient Ral-independent modification of phage DNA, the 
mutant M polypeptides differed with respect to their ability to participate in 
restriction. 
Nine different amino acid substitutions within the M polypeptide have 
little or no effect upon restriction activity whilst their phenotype is consistent 
with their enhancing the efficiency of DNA methylation. These mutations are 
loosely clustered within a region of the M polypeptide which extends from 
amino acid 48 to amino acid 153. Multiple substitutions occur at certain of 
these residues (refer to table 4.17). The mutant methylases are clearly able to 
restrict unmethylated DNA efficiently in the presence of R (refer to sections 
4.5B and 4.5F), whilst in the absence of this subunit they apparently modify this 
substrate. We would predict that such mutations might cause the methylase to 
behave in a manner which is analogous to an A-family enzyme. In one case 
(LQ85) we have shown (refer to section 4.5H) that a phenotypically r+m* 
mutation when present on the E.coli chromosome in the absence of a functional 
R gene, is capable of efficiently methylating unmodified A DNA in the absence 
of Ral, during a single cycle of phage growth. By contrast when the Arat phage 
is propagated on a wild type mj' host it is only inefficiently methylated and is 
restricted 100-fold if subsequently grown on an rj strain. Whether restriction 
and modification of unmethylated DNA by the mutant enzyme would be 
competing reactions in the presence of the R polypeptide is not so easily 
determined. However since type I enzymes act catalytically in modification but 
do not turn-over in restriction (Burckhardt et al., 1981a; Eskin and Linn, 1972b), 
we might expect that restriction would be at a severe disadvantage if competing 
with DNA modification. If this were true the mutant r+m*  restriction system 
would be less effective than a wild type system. This does not appear to be the 
case for the mutations described. Monolysogens of the r+m*  mutant phage in 
an IzsdR+ host will restrict infecting AV.O as effectively as a wild type r K + 
strain (refer to section 4.5F). It appears likely that in the presence of the R 
jq 
polypeptide restriction overrides modification. This could- in fact be achieved if 
the R subunits were able to sterically hinder DNA modification when the 
enzyme was bound to an unmethylated target, whilst in the absence of R 
methylation would occur. 
The effect of Ral upon EcoK is not only to enhance modification but also 
to severely reduce restriction. It is therefore particularly satisfying that some m* 
mutations are defective in restriction. Five of our amino acid substitutions 
cause this phenotypic effect; three alter residue 113, one residue 115 and one 
residue 144. The phenotypes of these mutations closely mimic the effect that 
Ral has upon the wild type enzyme. One hypothetical explanation of their 
behaviour would be that the mutant methylases could no longer distinguish 
unmethylated DNA as distinct from hemimethylated DNA and might simply 
methylate both these substrates irrespective of the presence or absence of the 
R polypeptide. While EcoK containing a r + m * mutant M polypeptide may be 
unable to methylate unmodified DNA because of steric hindrance by the R 
polypeptides, an enzyme containing a fm mutant M polypeptide might no 
longer be subject to this effect. Perhaps the latter mutation might exclude the 
R polypeptide from the restriction complex, or perhaps we are merely seeing the 
effect of competing restriction and modification reactions with modification 
proving a much more effective activity. Any distinction between these 
possibilities requires physical studies of the mutant enzymes and their substrate 
specificities. 
The phenotypes of both classes of Ral-independent mutants are consistent 
with the mutant enzymes having an altered substrate specificity, and for one 
mutation from each of these categories we have shown that this is indeed the 
case (refer to section 4.5H). However although this is true in the absence of 
the R polypeptide we have still to determine whether the presence of R has any 
effect upon the ability of a mutant enzyme to methylate unmethylated DNA. 
We would expect that a rm*  mutant would be little affected by the presence 
of R. A r+m*  mutant enzyme however might be unable to modify unmethylated 
IqT 
DNA in the presence of the R polypeptide. In order to investigate this further 
it would be necessary to examine the kinetics of DNA methylation in vitro in the 
absence of Al? such that restriction would be inhibited. 
Our mutations identify a region of the M polypeptide of EcoK which we 
predict to be involved in recognising target site methylation and thereby 
influencing the substrate specificity of the enzyme. The K-family enzymes differ 
from those of the A-family in their kinetics of DNA methylation; whilst EcoK 
will only methylate unmethylated DNA inefficiently, EcoA will methylate this 
substrate as effectively as if it were hemimethylated. We would predict that a 
polypeptide domain responsible for an activity peculiar to K-family enzymes 
would show no similarities in inter-familial sequence comparisons. Sequence 
motifs that are similar in such comparisons may identify polypeptide domains 
involved in activities that are common to all the type I enzymes. Consistent 
with this belief, the mutations identified do not map to any of those regions of 
the M polypeptide which are similar in EcoK and EcoA. 
Although some of the mutations are clustered at particular amino acid 
residues and other substitutions have been isolated a number of times, our 
approach cannot give a mutational saturation of the M polypeptide. 
Nevertheless key residues have been identified which could be usefully exploited 
by site-directed mutagenesis. It will be particularly interesting to see whether 
mutations conferring different phenotypes can be isolated at the same codon. 
For example random mutagenesis of residue 113 might identify mutations that 
have a r + m * phenotype in addition to further fm mutations. Also it may be 
possible to identify mutations that cause loss of restriction capacity without 
concomitant modification enhancement ( rm+). Our initial results suggest that 
f mutations that do not affect iiodification, also have an increased efficiency of 
DNA methylation; even those rm+  mutants isolated in the presence of Ral 
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